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 Catalysts in the electrodes of polymer electrolyte cells serve a critical function in 
reactions which can be used to either generate electrical energy from chemical fuels or 
convert electrical energy into chemicals.  For low temperature electrochemical fuel cells, 
platinum is often utilized for its exceptional catalytic activities towards hydrogen 
oxidation and oxygen reduction reactions of the anode and cathode, respectively.  
However, the limited supply of platinum and high demand result in prohibitive costs 
plaguing commercialization of this technology.  Therefore, minimal amounts of the 
catalyst should be used to achieve the maximum output to reduce expenses.  
Electrochemical behavior is governed by the available reactive surfaces of the catalyst.  A 
conductive material with high surface areas can be used in a composite approach to 
maximize nanostructured electrocatalyst sites.  The state-of-the-art makes use of 
carbonaceous materials as the support.  However, parasitic corrosion reactions of these 
materials in the electrode cause irreversible loss of activity that limits the useful lifetime 
of the cell, ultimately leading to its failure.  Unfortunately, the supported platinum also 
can promote the catalytic oxidation of the carbon support where it is connected.  Design 
of more resilient platinum catalysts could provide significant cost savings.  An 




 Electron conductive paths in the support, proton channels in the electrolyte, and 
porous space are required in joint formation of active catalyst sites in the electrode.  
Phase boundaries and interfaces with the catalyst are critical to the design of this 
composite structure.  Acidic ionomers, known as Nafion
®
, were chosen in this study for 
their facile proton conductivity, thermo-mechanical properties, and commercial 
availability.  An automated process for depositing thin uniform electrodes directly on the 
polymer electrolyte membrane by ultrasonic spray deposition was developed.  The 
material processing and deposition methods were refined for a variation of electrodes 
built with both supported and unsupported platinum catalysts.  Characterizations of 
electrochemical performance were conducted to evaluate catalyst behaviors in working 
membrane electrode assemblies. 
 The catalyst should lower the activation energy of the reaction without being 
consumed.  Preservation of electrocatalyst activity is critical to the durability of the 
electrochemical cell.  Better platinum supports are needed for more reliable long-term 
performance.  In proton exchange membranes, the electrocatalyst can experience high 
potential and low pH, limiting the selection of stable catalyst support materials.  Platinum 
is a noble metal which has good intrinsic stability, but carbon is not in a thermodynamic 
equilibrium under these conditions.  It is particularly problematic, as are many platinum 
alloys with less-noble metals which tend to be sacrificed to protect platinum during 
passivation.  Ideally, the performance of catalysts should come without sacrifices to its 
stability.  The nature and bonding of carbon atoms used in the support framework are an 
important determination factor of its corrosion resistance.  Surfaces of carbon supports 




metal oxide phases are combined with carbon, useful junctions within electrocatalyst 
composites can be formed.   
 An alternative catalyst support construction to the conventional carbon black with 
high surface area and conductivity is viewed as an important goal in the development of 
performance and durability of electrodes.  Carbon nanotubes offer some advantages in 
their material structure and properties.  Multi-walled carbon nanotubes were selected for 
exceptional mechanical and transport behavior in the electrode, and relatively low 
production cost.  A long range graphitic order can reduce the carbon corrosion kinetics.  
However, even graphitized carbon is still susceptible to corrosion and it bonds relatively 
weakly with platinum catalysts.  This can lead to loss of active surface area through 
diffusion and detachment of the catalysts.  To prevent this, a second phase was included 
into composite supports.  Titania, a common name for titanium oxides, was first 
chemically bonded to the surfaces of carbon nanotubes to help anchor the catalysts 
through strong metal-support interactions.  Advantages from the carbon nanotube and 
titania supports toward performance and durability were contrasted against a set of 
control samples and demonstrated in the cathode and anode. 
 A thorough literature review on the role of titania interfaces with the catalyst 
suggested application for the anode could provide further insight to its role in stability 
and activity.  In this electrode, platinum catalyzed hydrogen oxidation suffers from 
contamination by trace amount of impurities that adsorb strongly on its surfaces.  Carbon 
monoxide (CO) is one of the most persistent contaminants from reformation reactions 
and CO is also an intermediate in oxidation of other hydrocarbons, but despite its source, 




sites.  In order to restore activity, potential, temperature, and/or oxygen pressure are 
applied to remove adsorbed contaminants.  Electrochemical stripping requires oxidizing 
conditions that can also corrode electrocatalysts.  Strong interactions between platinum 
and titania can potentially limit this oxidative process while also opening active sites near 
their interface through a bifunctional mechanism.  These interfaces can be characterized 
as Schottky junctions that result in a synergistic relationship between activity and 
stability.  In order to enhance charge separation across the Schottky barrier formed with 
n-type semiconductors, a doped form of titania was synthesized from niobium 
substitution in the transition metal oxide phase.  Niobium was selected for its 
coordination, ionic radius, passivation behavior, and ability to form shallow donors.  
Advanced diagnostics were used to study titania supports in an electrochemical hydrogen 
pump to evaluate advantages for CO tolerance.  Material characterizations of 
electrocatalysts were used to correlate the effects of support construction on resilient 
performance.  Enhancements to the bifunctional reaction for CO oxidation as well as 
stability are proposed from the metal-metal oxide junction formed between catalyst and 
support.  Performance and durability of electrochemical cells is improved by applying the 
science of materials and interfaces to the construction of catalyst supports for platinum in 
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Chapter 1. Introduction and Background 
 
 
 Polymer electrolyte fuel cells are one application which could benefit from an 
improved catalyst support design.  Cost has been a major barrier to the commercial 
success of this technology despite its potential in efficient generation of electricity.  Fuel 
cells directly convert chemical energy into electrical current with low emissions and high 
efficiency, which is not subjected to the Carnot limit as in heat engines.  They are 
proposed for transportation, stationary and portable power applications, but have seen 
only limited terrestrial applications so far.  Introduction of the technical concepts can be 
related back to scientists Sir Humphry Davy, Christian Frederick Schönbein, and Sir 
William Grove with the first laboratory demonstrations coming before the commercial 
success of internal combustion engines, for instance.  The technology has since been 
progressed by many other important historical contributions like the demonstration of the 
first practical hydrogen-oxygen fuel cell by Francis Thomas Bacon.  Invention of the first 
polymer electrolyte membrane fuel cell (PEMFC) was by Willard Thomas Grubb and 
Leonard Niedrach at General Electric in the late 1950’s.  Success sparked NASA funding 
and use for Gemini missions in space exploration missions in the 1960’s was a primary 




transportation applications by Jeffrey Ballard and his company in 1980’s promoted the 
adoption of the PEMFC as a potential replacement for internal combustion engines.  
Now, most of the major car corporations have active research and development programs 
in zero emission vehicles powered by PEMFC.  As global concerns turn toward to our 
environment, this technology can lend itself to the use of sustainable fuels to reduce 
human dependence on the limited fossil fuel supply while helping to close the carbon 
cycle.  Electrolysis and other electrochemical cells are also an established technology, but 
their widespread employment could also be assisted by more stable and active 
electrocatalysts.  It is hopeful that better catalyst supports can improve not only fuel cells, 
but many related applications that are afflicted by similar problems. 
 One critical factor in the material design of fuel cell electrodes is reliance on 
precious metal catalysts like platinum and its alloys.  To reduce the cost of the device, the 
minimal amount of platinum should have the greatest possible activity maintained over 
its useful lifetime.  The catalyst is typically supported on another conductive high surface 
area material to form a composite electrocatalyst structure.  Platinum group metals serve 
as the most active known catalysts for the oxygen reduction reaction (ORR) in the 
cathode of the PEMFC.  This half of the net reaction is the rate limiting step of the fuel 
cell and determines the power output.  Therefore, the cathode is the most important 
component of a PEMFC when operated with high purity hydrogen fuel.  Hydrogen 
produced by reforming other hydrocarbon fuels either directly or indirectly can present 
daunting contamination challenges to the anode.  Extensive efforts have been devoted to 
improve electrode properties for maximizing stable performance.  The support for the 




hostile environment in terms of the corrosive conditions the catalyst and its support can 
be subject to.  Electrons are conducted through the support to participate in the ORR at 
the noble metal catalyst surfaces of the cathode.  Ideally, these electrons should be 
supplied from the oxidation reaction occurring in the anode; however, they may be 
supplied from parasitic corrosion reactions, especially under aggressive conditions.  
Corroded regions of the electrocatalyst will no longer be able to contribute to the 
intended reaction due to irreversible losses.  This ultimately contributes to its 
performance degradation and initiates its eventual failure.  To this end, the stability 










 The catalyst support can significantly reduce the mass of precious metal catalyst 
required and maintain its performance.  If ideally designed, the support can help promote 
the electrocatalytic reaction by facilitating charge transfer, mass transport of reactant 
fuels, and removal of products, for example.  In this respect, inexpensive carbon has 
served effectively to distribute and connect platinum nanoparticles on its extensive 
surfaces.  Carbonaceous materials are still considered the state-of-the-art and the most 
commercially successful catalyst support.  However, carbon is known to be 
thermodynamically unstable in the cathode.  Although, the oxidation kinetics are 
relatively slow until conditions become more severe at higher potentials, particularly.  
The oxidation of carbon prefers to start at defect sites on its disordered edges where 
carbon bonds are more easily cleaved.  The properties of carbon depend on its chemical 
structure, but it is also well known that its instability is accelerated in the areas where it 
has bonded to platinum.  Some specifics of the problem will be discussed in the literature 
review before possible solutions are investigated in the following chapters. 
 Platinum is an excellent electrocatalyst because of its high current exchange 
density in half-reactions of both electrodes.  It is a noble metal with a high standard 
potential for oxidation.  Platinum is much more thermodynamically stable than carbon, 
but it is not immune to corrosion.  Under high potentials, which frequently occur during 
dynamic operation cycles, platinum also can be oxidized to a cation species.  Mobile 
metal cations then diffuse into less desirable configurations with detached particles or 
lower active surface area that all result in eventual loss of performance.  Unavoidably, the 
platinum cations diffuse into the electrolyte membrane and some will plate out (reduced 




hydrogen and oxygen are present, free radicals can be generated around these particles 
inside the membrane and the radicals locally attack the polymer chain, resulting in 
chemical and mechanical degradation.  Consequently, specific advantages can be realized 
by materials which limit the corrosion and relocation of platinum.  The degradation 
mechanism will be reviewed and experimental evidence is provided elsewhere, but the 
focus of the work will be on the development of new alternatives to traditional platinum 
on carbon.  
 Metal oxides can form stronger interactions with catalyst.  When metal oxide is 
used in catalyst supports, these interactions may provide several benefits to the 
electrocatalyst.  However, metal oxides are not great electronic conductors.  Their 
properties can be tailored by changing the defect chemistry of the structure to increase the 
concentration of mobile charge carriers, including the use of dopants.  Non-equilibrium 
states can be used if careful consideration is given to balancing charges in the operating 
environment.  A strontium titanate perovskite was considered as catalyst support in an 
early study by modifying its defect chemistry and conductivity.  Valuable lessons 
regarding the corrosion and thermodynamic stability were learned with regard to use of 
alternative catalyst supports in the PEMFC cathode.  Later, titanium oxides (i.e. titania) 
was coated on carbon supports to form a composite.  This approach proved more 
practicable in both the anode and cathode.  Advantages from the strong interaction of 
platinum with titania were studied in the electrochemical cell and additional materials 
characterization helped to elucidate the specific roles they played in improving 




 A composite structure adopted in this study was inspired by the combination of 
benefits that could be realized from a dual phase support.  Platinum is known to be more 
stable on the metal oxide surface because the strong metal-support interaction with titania 
and preferential bond location there.  However, these materials offer poor conductivity 
and more conductive phases typically have very low surface area.  A composite 
electrocatalyst was built from a carbon nanotube (CNT) framework covered with 
relatively small amounts of titania before decoration with platinum nanoparticles to form 
triple junctions.  This composite material can still offer interconnected electronic 
pathways to platinum while enhancing corrosion resistance and sustaining performance 
over long durations. 
 Carbon nanotubes were chosen for several important reasons.  The high aspect 
ratios of these materials help form and maintain an open support structure that can 
enhance transport of products and reactants.  They also offer a long range graphitic order 
with less defects and improved corrosion resistance.  Surface functionalization of carbon 
nanotubes is a key to realizing its useful properties.  Composite phases were chemically 
bonded to the nanotube walls through surface functionality.  Simplified material synthesis 
strategies were chosen for their ease of implementation and proof of concept in this work.  
Corrosion resistance over standard carbon black is another vital reason to choose a 
representative form of highly graphitized and ordered carbon precursor. 
 Validation of a dual phase catalyst support is an important goal of this research.  
Each material phase offers a unique advantage that can only be recognized by the 
preparation of a composite electrocatalyst.  The carbon is functionalized with acid groups 




form a passive semi-crystalline surface.  This is followed by a microwave-assisted polyol 
reduction process to deposit the nanostructured platinum catalysts.  The catalyst 
composites are dispersed in an ink suspension with the other conductive phases to deposit 
electrodes on polymer electrolyte membranes in order to fabricate a MEA which can be 
tested in real fuel cell hardware.  Accelerated durability testing conditions were then 
applied to these MEAs to monitor the changes in their performance over time. 
 Utilizing electrocatalysts that offer added durability for polymer electrolyte cells, 
the lifetime cost of the materials will be reduced.  Greater longevity in especially 
aggressive conditions can extend the operating envelope of electrochemical cells.  This 
problem has plagued the development of fuel cell technology for transportation and other 
applications where dynamic loading is required and commonly encountered, for example.  
This composite engineering approach serves to justify the design of more durable 
electrocatalysts that can be evidenced through implementation of materials selection and 
design that will contribute to further improvements in research and development. 
 
1.1. Catalyst and Support Stability 
 
1.1.1. Platinum and Pt Alloys 
 Platinum is one of the most noble and corrosion resistant metals known.  
However, no metal is immune to corrosion.  At equilibrium in standard state, a very thin 
protective oxide film covers its surface which helps to make it so corrosion resistant.   










 electron configuration, it is a Group 
VIIIB noble metal, and can exist in several positively charged oxidation states. 
 
The Pt catalysts can become oxidized by the corresponding reactions [
1
]: 
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o
 = 0.980 – 0.0591 pH 






 = 1.045 – 0.0591 pH 






 = 2.000 – 0.0591 pH 
(4) Pt2+ + H2O ⇌ PtO + 2H
+
  log (Pt
2+
) = -7.06 – pH 
(5) Pt ⇌ Pt2+ + 2e−   Eo = 1.188 + 0.0295 log(Pt2+) 

















 The electrochemical equations for the Pt water system were adopted from values 
of the thermodynamic equilibrium state of the metal provided by M. Pourbaix first 
published circa 1966 [
1
].  The original Pourbaix diagram does not take into account some 
modern updates which explain minor differences in the formation of free energy leading 




].  Despite these differences, a general agreement exists that Pt 
with surface oxide species is the equilibrium phase in acidic solution at the cathode of a 
hydrogen-oxygen cell at open circuit condition. 
 The Pt ion dissolution and solubility in the electrolyte determine the diffusive 
capability of the Pt particles.  This includes the dissolution of Pt cations, diffusion 
through the electrolyte, and the growth of crystallites.  These induce adverse effects on 
fuel cell performance and should be mitigated.  Pt cation solubility increases with 
potential, temperature, and pOH.  Platinum nanoparticles used for the catalyst are also 






Figure 1.3  Platinum particle ripening in the cathode 







 Mahlon Wilson was one of the first to design electrodes with the use of carbon 
supported platinum mixed in with the ionomer binder, though he also recognized the 
problem of platinum particle stability from long duration experiments operated at 80 °C 
and 0.5 V hold as seen in Figure 1.3 [
4, 5
].  When Pt dissolves in the electrolyte, it can 
then diffuse and grow into larger crystals which offer lower surface tension and 
minimizes their electronically strained lattice configurations and reactive surface sites.  
This causes a loss of ECSA and platinum deposition in the polymer electrolyte, 
contributing to its degradation.  The effect of potential on Pt dissolution was compared 
experimentally by Ferreira et al. and showed the following relationship compared to 
those measured and predicted values by Pourbaix; an experiment by Bindra was also 
plotted in Figure 1.4 following the predicted trend, although electrode tests show some 













 The effect of temperature and humidity on the loss of Pt surface area during a 
potential cycling test measured by size approximations applied to XRD results and 
illustrated in Figure 1.5.  The temperature and humidity affect the hydration of the 
membrane which can limit solubility and diffusivity of the ions electrolyte.  Although, 








 Pt cation diffusion rates in PFSAs are not well publicized, but it is observed that 
Pt
2+
 mobility in this electrolyte is reduced by about an order of magnitude when the 
humidity is decreased from 100% to 25% at 80 °C [
7
].  At higher temperatures above the 
boiling point of water, the membrane hydration is lower despite the same relative 
humidity due to the phase change.  Metal cation diffusion in the electrolyte plays a major 
role in the surface area loss.  A schematic of some different Pt dissolution and diffusion 
methods are presented in Figure 1.6.  There is often a combination of these events 











 At constant potential, the Pt dissolution rate has been studied and follows a rate 
dependent on the circumstance.  Mathias et al. reported their results based on two 
separate regimes.  Despite a similar decay rate in potential of 20 and 25 µV/hour, the 
surface area loss is much more pronounced at OCV conditions as seen in Figure 1.7.  
However, many electrochemical cells are operated under dynamic conditions which can 
be even more aggressive.  In variable conditions, the surface states of the electrocatalyst 











 In a study of Pt/C and Pt electrodes in acidic solution, the concentration of 
dissolved Pt cations increased from 0.65 to 1.1 V, but decreases at potentials > 1.1 V 
under room temperature conditions [
7
].  This has been attributed to the formation of a 
protective oxide surface film in the passivation region.  The equilibrium concentration of 
dissolved Pt cation and the Pt dissolution rates at 0.9 V hold were comparable for high 
surface area carbon supported platinum and polycrystalline wires [
9
].  In another similar 
study of Pt on gold electrodes, the oxide film was determined to reach a saturation point 
at 1.15 VRHE at 80 °C [
10
].  The dissolution rate was strongly dependent on temperature 
and potential.  The measurements made by a quartz crystalline microbalance allow for in-
situ determination of mass dynamics and the data are relevant for measuring Pt 
dissolution which typically operates at a similar temperature in the PEMFC. 
 Many publications have observed the effect of operational parameters in PEMFC 
on this behavior.  Several models have been developed to predict and quantify the 
experimental evidence.  Most notably, Darling and Meyers created a model which 








+ H2O), and a surface tension driven growth of 
platinum nanoparticles [
11
].  This model reasonably correlates to experimental work with 
the inclusion of a cathodic term to predict equilibrium oxide coverage on Pt surfaces [
12
].  
They later adapted the model to fit the transient behavior of a fuel cell cycled between 
hydrogen/air and air/air at OCV and to more accurately predict Pt dissolution and 
diffusion [
13
].  However, Gasteiger and co-workers at GM contested the model because 
they did not take into account the effect of crossover hydrogen and Pt reduction by (Pt
2+
 
+ H2  Pt + 2 H
+
).  Their results found that only about half of the platinum surface area 
loss was attributed to the Pt ripening and the other half was deposited as reduced Pt in the 
ionomer phase of the cathode, near the electrode-membrane interface where hydrogen 
concentration was highest from crossover [
6
].  Gasteiger and colleagues would later go on 
to produce a model which tried to account for the degradation of the whole MEA [
14
].  A 
physics-based model which considered dissolution of Pt and deposition on Pt 
nanoparticles, diffusion of Pt ions in the MEA, and Pt cation reduction by permeating 
hydrogen was developed by Bi and Fuller [
15
].  The group led by T. Fuller later updated 
the simulation with the role of particle size distribution on dissolution and prediction of 
inter-particle interactions between Pt oxides [
16
].  A multi-scale model by Franco and 
Gerard of corrosion in a PEMFC was coupled with electrocatalysis mechanisms to 
explain performance degradation [
17
].  The simulations suggest some interesting features 
such as the existence of an “optimal” external current inducing a maximal durability.  
However, holding cells at constant optimal conditions is impractical in most applications 











 Cycling operations with extreme maxima and minima have an accelerated effect 
on not only support corrosion, but also Pt dissolution.  It is believed that cycling can 
remove the protective oxide and hydroxide surfaces which form on Pt and speeds up the 
corrosion during return to high potential which can dissolve some surface atoms before it 
is passivated again.  This data for PEMFC was presented by Patterson in 2002 in an ECS 
Transaction [
12
].  Potential cycling had historically been known to increase corrosion 
processes in phosphoric acid fuel cells where carbon corrosion is also a significant 
problem and was highlighted in a classic paper by Kinoshita, Lunquist, and Stonehart; the 
paper showed how the cycling profile could accelerate corrosion rates [
19
].  They varied 
cycling parameters and ran profiles of square and triangular waves of the supported Pt 
electrodes.  Yasuda et al. showed the effect of cycle number and upper potential limit by 






].  A thorough TEM analysis investigated the distribution of Pt in the 
polymer electrolyte [
20
].  Another comparison of unsupported crystallites to those 
supported on graphite was investigated along with an observation of morphology 
changes, surface area, and corrosion rates.  A comprehensive study by Mitushima et al. 
compared the potential cycling by several wave profiles and frequencies on consumption 
rate of Pt in PEMFCs [
21
].  The frequency of reaching the upper limit was found to be 
more critical than the hold time at this condition because a surface passivation on 




Figure 1.9  Consumption of Pt vs. frequency for triangular and rectangular wave 




 Detached Pt particles (from carbon support) are ineffective in the fuel cell 
reaction.  Pt cations diffusing into the membrane can reduce proton conductivity and lead 
to more degrading mechanisms of the ionomer.  Pt reduction in the ionomer poses a 
major risk to the material.  The rate and location of Pt
2+
 reduction and nucleation in the 
ionomer was found to depend on partial pressure of both hydrogen and oxygen [
22
].  




deposition in Nafion electrolyte.  A concentrated band of reduced Pt formed across the 
in-plane direction which corresponded to the rates of crossover for hydrogen and oxygen 
gases in the MEA.  Experimental evidence of the localized Pt band region was found by 




].  The Pt catalyzed the crossover 
gases to form water at these sites, but undesired oxidative free radical reaction 
intermediates like HO· and HOO· were found to rapidly degrade the polymer chains of 
perfluorosulfonic acid ionomer.  Other metals such as iron (II) can be even worse for this 
degradation as studied by the Fenton reaction [
23
].  The evidence for formation of these 
products; HF, CO2, SOx and H2O2 were found in the exhaust gas by mass spectrometry 
[
24
].  The polymer membrane defines the mechanical properties of the MEA and when 
degraded by this mechanism, they become thin and brittle.  Loss of compliance can lead 
to leaking and cracking that allows gases to crossover and they react directly without 
producing useful current.  Yoon and Huang demonstrated the loss of mechanical strength 
which was initiated from corrosion of the cathode in the MEA by performing a tensile 












 As anticipated, the chemical and mechanical degradation are very closely related.  
The N211 sample is an untreated piece of Nafion® polymer and the CCM control sample 
is a fresh catalyst coated membrane.  Samples 1-4 have been subjected to various 
accelerated degradation test conditions.  Designing a more corrosion resistant cathode 
will be an important step to building a more durable PEMFC and its eventual 
commercialization.  A schematic is offered here to further understand the dissolution and 
re-deposition of the Pt in the electrolyte.  A precipitation band particularly weakens the 
polymer that yields plastically under stress.  The devastating circumstances and ultimate 
failure caused by metal dissolution and re-deposition is just suggested in this review, but 
can be summarized in other publications [
26











1.1.2. Carbon Supports 
 Carbon is a popular electrode support material in part because of its good 
conductivity and slow corrosion reaction kinetics, but the corrosion still proceeds even at 
low potentials.  When the fuel cell electrodes are subjected to high potentials of OCV or 
even higher from the starvation of hydrogen gas, irreversible damage will occur to the 
electrode structure.  The frequency, duration, and pattern of these potential variations can 
drastically alter the reaction kinetics [
27
].  Understanding these mechanisms can lead to 
effective mitigation methods. 
 These accelerated events happen under transient conditions of fuel cell operation 
and are especially damaging during conditions like start up, shut down, and anode 




also diffuses through the membrane due to electro-osmotic drag of diffusing protons.  
However, anode flooding caused by low current densities, back-diffusion of water, and 
general water mismanagement can also transgress.  It is harder to remove anode flooding 
with low hydrogen flow rates and it directly leads to corrosion [
28
].  During flooding, the 
H2 diffusion becomes significantly reduced through the liquid water phase [
29
].  This 
condition in the fuel cell leads to reactant starvation, back diffusion of air (oxygen), and 
local cathode overpotentials even higher than OCV.  This effect is similar to that when 
reactants are depleted during start-up and shut down.  A fuel concentration gradient forms 
across the MEA from inlet to outlet during start-up and the opposite during shut down.  
Air or oxygen gas can replace these volumes which supply the necessary condition for 
corrosion to occur [
2, 30
].  This condition can be described by a hydrogen/air front. 
 The carbon corrosion reaction is accelerated as a result of the hydrogen/air front 
phenomena leading to reverse-current decay [
31
].  When this happens, ORR actually takes 
place in the anode.  The electrons can be conducted from another region of the anode, and 
the oxygen (permeated through MEA and other seals after long-term idling) forcing 
protons diffusion from the cathode to the anode.  The reverse-current of protons comes 
from two reaction sources at the cathode.  The oxidation of water also known as the 
oxygen evolution reaction (OER) or water electrolysis is one source of the protons.  The 
other source is the carbon oxidation reaction (COR) also known as carbon corrosion.  
These reactions are also competing under normal operation, but become considerably 
faster when the hydrogen/air boundary is formed.  Region B is starved of H2 and has a 
higher oxygen concentration from air that has crossed into the electrode during idle.  




Region A would arise during this time, starting near the H2 near inlet, while Region B 









 A potential drop in the starved anode region accelerates carbon corrosion by 
raising the potential difference at the cathode to extreme values up to ~1.44 V.  Carbon 
corrosion causes many adverse effects in the cathode which directly affect the demise of 
performance and operational lifetime of the fuel cell.  The structure of the electrode is 
altered and permanently degraded.  This leads to a change in material properties of 









].  The cathode layer thins and also becomes more 




more hydrophilic and more susceptible to flooding.  First, the performance will decline 
and ultimately it will lead to the death of the fuel cell. 
 Carbon corrosion can occur in both cathode and anode of a PEM fuel cell.  Anode 
carbon corrosion can also happen when there is a complete fuel starvation of one or more 
cells in a working stack [
35
].  The starved cells are driven into a reversed operation with 
the anode potential becoming higher than the cathode potential.  The corrosion 
mechanism is similar to that of the cathode.  This state triggers water electrolysis and 
carbon oxidation on the fuel cell anode in order to provide the required protons and 
electrons for the reduction of oxygen at the cathode.  The oxidation of the anode carbon 
is also possible when applied potentials are great enough to drive the reaction.  This 
review will focus on cathode corrosion, primarily.  The gas diffusion layer (GDL) can 
also be considered as part of the MEA, although its behavior is not included in great 
detail in this review.  There have been only a few reports about GDL degradation and 
those primarily include an electrode preparation process directly on the diffusion media 
[
36
].  Because the GDL does not contain an ion conductive phase and it is also protected 
by a hydrophobic fluoropolymer, the corrosion of this material is typically slower in 
relative comparison to the oxidation of carbon catalyst supports in the cathode.   In 
addition, the gas flow (bi-polar) plates are often made of exfoliated graphite with epoxy 
binders derived of carbon.  These materials are all exposed to the atmosphere and 
potential of the cell, and thus can be corroded as well.  Though, carbon oxidation is 
accelerated by catalysts and is of significantly greater concern. 
 Carbon becomes electrochemically oxidized to form a surface oxide and then by 




suggested to follow an electron transfer step by hydrolysis of the C
+
 on the surface, 
eventually yielding CO2 (g).  Evidence for the mechanism has been offered by IR 
spectroscopy, ellipsometry, XPS, and electrochemical methods [
37
].  The intermediate 




 (A) C ⇌ C+ + e- 
 (B) C
+ 





 (C) COads + H2O ⇌ CO2 + 2 H
+




 Surface oxides are regarded as reaction intermediates of the corrosion mechanism 
which can be simplified by the above equations and understood as the formation of 
surface functional groups at active potentials.  The literature has identified carboxyl, 
carbonyl, phenol, quinone, and lactone groups by NMR [
39
].  Carbon oxidation starts at 
defects and boundaries primarily where valence σ electron orbitals are exposed.  The 
adsorption of surface species containing oxygen and/or hydrogen is chemically possible 
due to electron availability.  In the presence of water, they are oxidized to carbon dioxide 




 (1) C + 2 H2O  CO2 + 4 H
+




 = 0.207 V 
 (2) C + H2O  CO + 2 H
+




 = 0.518 V 
 (3) CO + H2O  CO2 + 2 H
+




 = -0.103 V 
 
 Carbon is thermodynamically unstable at most fuel cell operating conditions.  
However, corrosion does not proceed at significantly measurable rates until higher 




energetically preferred reaction [
35
].  This is generally accepted as the predominant 
corrosion pathway in the fuel cell environment.  Carbon corrosion reactions are 
determined by the electron transfer step to the adsorbed oxide and the rate increases with 
potential, temperature, water activity, and pOH [
7, 35
].  The surface roughness, defect 
concentration, porosity and texture of carbon all factor into the reaction kinetics because 
they enhance the adsorption of the oxide [
37
].  The defect-free crystalline lattice, such as 
the basal plane of graphene, has significantly lower corrosion rates than the contribution 
from plane edges [
40
].  The corrosion current decays with time and obeys the following 
dependence:  I(t) = kt
-n
 , where n is about ½.  It was found by Stonehart that corrosion 
currents stabilizes near equilibrium values after 1000 minutes at constant potentials > 1.0 
V.  He attributed this to the preliminary oxidation of disordered carbon and defect sites 
[
19
].  The presence of oxygen in the air front at the anode also enhances corrosion 
compared to pure nitrogen and is illustrated in Figure 1.13  [
35
]. 
 The presence of aqueous electrolyte is also essential, but several studies have 
found the highest corrosion rates at lower humidity levels [
41
].  This discrepancy may be 
related to competition between carbon corrosion and water electrolysis.  The Nernst 
potential is directly dependent on water activity and temperature.  The corrosion shows a 
linear relationship with molar water concentration while the temperature relationship 
follows an Arrhenius type behavior [
35
].  This approximation for corrosion current from 
100 % RH was offered by Gasteiger and co-workers.        
   ⁄       ⁄    , where 
the Tafel slope, TS = b = 150 mV/decade; activation energy, EA = 67 kJ/mole; and time 









Figure 1.13  Effects of air vs. N2 in corrosion of (a) Pt/C and (b) C electrodes 




 Carbon corrosion kinetics in presence of platinum catalysts has been modeled by 
several research groups.  There is some variability in the models as result of complicated 
interplay of factors as well as the prior history of the electrodes.  Darling and Meyers also 
modeled the carbon corrosion by the reverse-current mechanism during the mal-
distribution of hydrogen across the anode [
42
].  Takeuchi and Fuller produced a model 
based on important membrane electrode assembly design parameters, such as the oxygen 
reduction exchange current density on the negative electrode and the permeability of the 
membrane [
43
].  One of the most comprehensive analyses proposed by the General 




kinetics, H2 starvation, and start-stop; coupled kinetic and transport; and pseudo-
capacitance which accounts for the reactions that supply or consume electrons in transient 
start-stop events and are normally neglected [
14
].  However, the authors admittedly 
suggest needed improvement for carbon corrosion kinetics associated with voltage 
cycling. 
 Potential cycling has been shown to have a significant enhancement of corrosion 
acceleration which occurs by a different mechanism than start-stop cycling.  There is no 
actual air-hydrogen front formed in this scenario.  Simulated accelerations typically apply 
potential to the working cathode under inert gas and vary it with reference to the 
hydrogen anode.  Reduction and oxidation occur as cycles repeat.  Chemical oxidation of 
carbon by hydrogen peroxide can actually occur at low potentials below the standard 
state potential as evidenced by peak I in Figure 1.13.  Hydroxyl surface groups on 
platinum are destabilized at lower potentials [
44
].  Typically they react to form water, but 
peroxide species like hydrogen peroxide can be formed and were measured in nitrogen 
atmosphere at low concentrations [
45
].  In contrast, the oxygen reduction on carbon alone 
mainly forms the hydrogen peroxide species which reacts with carbon supports by [
46
]: 
 (4) C + H2O2  C-Oad + H2O 
 (5) C-Oad + H2O2  CO2 + H2O 
On Peak II, a reaction from adsorbed CO species near Pt can become oxidized at lower 
potentials by the bifunctional mechanism in reaction (6) when the acidic oxygen 
functional groups in the vicinity are adsorbed on Pt. 







Peak III coincides with the reduction of oxygen groups on Pt that oxidize carbon by 
reactions (4 and 5) with hydrogen peroxide.  When potentials are increased, the effect of 
Pt on corrosion becomes more noticeable.  The onset of peak IV is noticeable at 0.3 V on 
Pt/C compared to that of C electrode at 0.9 V.  The contribution from the catalytic effect 
of platinum oxide groups which reduces the overvoltage of bridging carbon-oxygen 
bonds by enabling reaction (7) [
35
]. 





As platinum is aged and grows and the surface is covered in acidic oxygen functional 
groups, the ability to reduce hydrogen peroxide is lowered.  Peak V becomes more 
pronounced on aged electrodes as surface oxygen forms on carbon and follows reaction 
step similar to (3) which follows (2) below 0.9 V.  The consequence is dynamic corrosion 
rates which are increased in distinct potential ranges during cycling.  The range and 
pattern of cycling is also important and have been shown to increase corrosion rate as 
well.  A wider range of upper and lower limits drastically increases electro-oxidation at 
high overvoltage before surfaces get restructured when the oxide is reduced at lower 
potential regime.  Current cycling accelerated stress test resulted in similar findings to 
those from potential cycling.  A comparison between minimum current steps at 120 and 
20 
  
   
 showed much faster degradation at the lower extrema [
47
].  The corrosion behavior 
at constant current and/or potential makes it possible study one predominant reaction 
mechanism and the effects of the other variables. 
 At constant potential, one mechanism dominates and carbon corrosion becomes 
easier to model.  Also, a protective oxide layer which is stable at corresponding potential 




time scale is not long enough to build up these stable oxide layers.  Holding potentials at 
high values near OCV builds up an oxide layer which creates a greater concentration of 
unreacted fuel [
35
].  Carbon support degradation opens new initiation sites for continued 
carbon oxidation by a positive feedback.  Despite the generally accepted and intuitive 
surface defect initiation of oxidation, it is not unambiguously accepted.  Liu et al. 
proposed an inside out carbon corrosion mechanism based on their electron microscopy 
investigation which revealed a collapse of the porous electrode structure, causing the loss 
of mass transport in the electrode [
48
].  A decline in the corrosion rate over time described 














 As platinum diffuses and separates from the carbon support, the area is reduced; 
this may also account for a diminished corrosion rate at constant V [
35
].  When the two 
materials are no longer coupled, the synergistic effect no longer exists.  It is known that 
the low pH also leads to enhanced corrosion although this effect has not been well 
studied other than the use of half-cell simulations with acid electrolyte at fixed 
concentration.  In the PEM fuel cell, dissociated protons diffusing through the polymer 
electrolyte create this added acidity.  However, as carbon oxides are formed, they can 
complex protons in the electrolyte and can contribute to the corrosion by altering pH: 
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 electron configuration and the inorganic carbons 
formed by overlapping π bonds or hybridized sp
2
 carbons are those applicable to 
electrode supports.  The covalent bonding patterns and degree of order determine the 
structure.  The structure of the carbon will establish its properties.  The desirable 
properties of carbon which make it attractive to this purpose are varied.  Carbon materials 
can offer high surface-to-volume ratio which enhances reactant diffusion and adsorption.  
It also offers good electron conductivity, chemical stability, weight, and cost [
37
].  Recent 
developments in long range ordering have provided new advantages for graphitic 
carbons.  Specifically, nanostructured materials have presented several important benefits 




and carbon nanotubes has shown the most promise in regard to corrosion resistance of 
viable carbon supports. 
 The structure and properties of the carbon play a significant role in these 
reactions.  Amorphous carbons with only short range ordering show poor corrosion 
resistance in comparison.  Electrochemical degradation is slowed significantly by carbon 
graphitization.  Graphite is composed of sp
2
 carbon atoms bonded with three neighboring 
carbons in planar hexagonal rings also referred to as graphene sheets.  These graphitized 
carbons show greater hydrophobicity and lower oxygen adsorption which also correlates 
with corrosion resistance.  Corrosion is preferred at surface defects and disorder in the 
carbon lattice [
37
].  The process can also start at edges and corners of basal planes where 
free electrons are present [
35
].  These sites offer lower activation energy of electron 
transfer and surface oxide formation.  This hydrophilic nature of the catalyst layer is 
more susceptible to corrosion for these reasons and can also create transport problems if 
it causes water to accumulate in the electrode. 
 One of the best ways to enhance fuel cell performance is through maximizing the 
utilization of Pt catalyst.  This requires homogeneous dispersion of small well bonded Pt 
nanoparticles.  The effect of oxidative pre-treatment of carbon has been shown to greatly 
improve this requirement.  The benefit of this procedure was explained by an increase in 
Pt dispersion with an increase in oxygen surface groups.  The oxygen anion groups 
increased the electronic interaction strength with Pt cations during reduction.  The more 
stable oxygen groups were able to anchor Pt during the sintering treatment and prevent 
agglomeration [
50




by deposition of small well dispersed particles at these negatively charged sites, but this 
review will focus on factors influencing corrosion. 
 Recently, carbon nanotubes and graphitic ordered porous carbons have gained 
enormous popularity as support materials for electrocatalysts because of their surfaces 
and stability.  Experimental evidence has demonstrated improved corrosion resistance in 
graphitized supports.  For example, it was shown that when Vulcan XC-72 was 
graphitized in reducing furnace at 2973 K an oxidative test showed a one third reduction 
in normalized surface area [
38
].  A comparison between XC-72 and multi-walled carbon 
nanotube supports was completed by Y. Shao et al revealed about twice the resistance to 
electrochemical oxidation at 1.2 V over 192 hours in 0.5 M H2SO4 [
51
].  The improved 
results were hypothesized from specific interaction between the carbon and platinum.  
Carbon nanotubes are essentially rolled-up sheets of graphene so the corrosion resistance 
is described by a similar mechanism, but the nanotubes may enhance Pt-C bonding.  It is 
supposed that the   electron orbital has greater exposure based on the tube curvature.  
Ordered porous carbons can have tailored diffusive properties with reports showing high 
utilization of nanoparticle surfaces and high mass activities [
52
].  Those with layered 
orientations of their graphene planes formed conductivities higher than some metals.  The 
carbon nanotubes have varying degrees of conductivity based upon their conformation.  
The transport of reactants through carbon structured supports is critical to their 
application.  A further discussion on carbon microstructure and property is not included, 







Figure 1.15  C allotropes (a) diamond (b) graphite (d) C60 (g) carbon black (h) CNT 
Source: http://en.wikipedia.org/wiki/carbon 
 
 The corrosion of Pt/C in PEMFC must first be understood by the individual nature 
of the materials, but it is the presence of Pt catalysts on carbon which actually accelerate 
the corrosion reaction.  The synergistic effect of the two materials is critical to 
comprehension of the overall corrosion mechanism.  Pt nanoparticles can be deposited on 
to carbon by a variety of techniques from the gas or liquid phase and form very effective 
electrodes.  The most prevalent methods for fuel cell electrocatalyst synthesis are from 
the liquid phase and include impregnation, colloidal synthesis, and electrodeposition.  
The optimal preparation of nanometer sized (~ 3 nm) Pt crystallites has been found for 
ORR [
39
].  Ideally, a small mass of Pt with high surface area and electrochemical 
utilization will be achieved.  The Pt nanoparticles have been shown to catalyze the 




7.  Lower energy intermediate states in the carbon oxidation pathway facilitate the 
corrosion of the support by the catalyst presence.  
 The regions of chemical interactions in the vicinity of the metal and support 
exhibit the greatest corrosion due to the formation of reactive oxygen radical species on 
the Pt surface.  In a simulated study of carbon corrosions, a pure glassy carbon electrode 
can be compared to one decorated with catalysts similar to model structures prepared by 
Goeke et al. [
53
].  Monitoring COx reaction products by non-dispersive infrared (NDIR) 
spectroscopy, revealed no CO evolution in the Pt/C electrode.  The results indicated that 
CO adsorbed strongly onto the Pt surface, and was oxidized at 0.55 V to CO2 above this 
potential at typical operating temperature [
35
].  A similar experiment was performed by 
measurement of COx products with mass spectrometry under cycling of electrodes with 
varied Pt loadings.  A relationship with higher Pt loading and CO2 peak intensity 
confirmed more rapid generation and an Arrhenius plot of EA was significantly lowered 
by this junction [
54
].  The interaction between Pt and carbon supports is of great 
importance when studying their corrosion. 
 Metal-support interfaces are best described by Pt bonding to carbon by different 
Fermi energy levels and electron donation from the carbon support to Pt [
55
]. This 
bonding nature has been revealed by ESR and XPS [
56
].  Electronic modifications of the 
metal by electron donating supports like graphite have been identified by a technique 
coupling infrared spectroscopy with carbon monoxide sorption calorimetry measurement.  
It also permitted an identification of the type, number, strength, and energy distribution of 
the surface sites on the catalyst as a function of the metallic interaction with the catalyst 
support [
57




catalytic properties by bond disorder in the adsorbed metal clusters.  The presence of 
acidic oxygen containing groups on carbon is believed to hinder electrocatalytic activity 
for reduction while basic nitrogen functionalized carbons helped the cathode performance 
[
58
].  The carbon support also can have a beneficial effect on shifting the d-band energy 
center for platinum [
59, 60
].  However, the bond interaction between Pt and carbon is weak 
despite increased strength by carbon surface oxidation and other functionalization 
techniques.  This ultimately contributes in large part to the enhanced dissolution between 
the two materials. 
 As discussed, there are many factors which accelerate the oxidation of platinum 
and the corrosion of carbon catalyst supports.  The presence of Pt on carbon alone is 
enough to accelerate the reaction.  Corrosion testing has been exemplified in the 








 The locally starved H2 condition is the most widely accepted culprit of rapid 
carbon corrosion.  Jarvi and co-workers were able to simulate cell-reversal conditions in 






].  Similar experimental setups were also completed by other groups which measured 
potentials about twice as high as OCV from the air/fuel boundary [
61
].  A cell reversal 
set-up to simulate stack operation and low fuel stoichiometry was tested to gain insight 
into fuel supply problems.  Measurements showed severe cathode corrosion and 
reduction of Pt surface area with local effects also observed by a segmented cathode 
while coupled EIS was used to observe changes in electrode resistance [
34
].  In another 
simulation, a region of the anode was blocked with a hot pressed pieced of polyethylene 
film on to the electrode active area [
12
].  This “blocked” condition persists under many 
different real circumstances when the anode is not completely filled with H2 like start-
stop cycles, flooding, gas crossover, improper thawing after freeze, and other methods 
causing the reverse-current phenomena to proceed [
32
]. 
 Other accelerated tests at constant potential did show some interesting corrosion 
phenomena.  A constant potential hold test at 1.2 V compared low surface area to high 
surface area carbon black (BP 2000 vs. Vulcan XC-72) at the same platinum loading and 
their relative corrosion rates.  The XC-72 corroded faster which was thought to be a result 
of the higher degree of platinum coverage per unit mass of carbon despite a lower 
physical surface area.  The test was completed in the presence of dry and humidified air.  
In the presence of humidity, the corrosion increased substantially in both types of carbon 
as measured by mass loss [
62
].  When the Black Pearls 2000 was graphitized at 3000 °C, 
it still had larger surface area than XC-72, but the thermal stability was greatly enhanced.  
Another study on the XC-72 support, which is often used as an industry benchmark and 
baseline for comparison, measured the formation of various oxygen functional groups on 




more hydrophilic nature with oxidation is known to change water transport and lead to 
unstable performance [
63
].  Surface attraction and repulsion to water is a condition which 
is not easy to model because it is an electronic scale phenomenon, but it has been 
determined empirically to relate with corrosion rate.  Expedited degradation has also been 
known to happen around the edges of the electrocatalyst.  An experiment to study regions 
of cathode overlap was performed and modeled to show degradation by a similar 
mechanism to that of a constant high potential at OCV.  This experiment also showed 
slightly enhanced carbon corrosion at low RH which the model couldn’t account for [
64
].  
The relative humidity is necessary to facilitate charge transfer in the ionomer, but it also 
serves as a factor in corrosion and mass transport and its effects are difficult to simplify. 
 There have only been a limited number of studies on the effect of humidified 
gases on carbon corrosion.  A water activity dependent carbon corrosion mechanism was 
proposed to account for the RH effect and was verified experimentally in a cell reversal 
experiment by Du et al [
65
].  When an air/air cell was held at open circuit in a dry 
condition, the active area of the cathode was gone in 3 hours and microscopy showed 
complete disintegration of the cathode and even damage to the backing layer.  In the first 
15 minutes, the cell potential climbed to 1 V when current density was held at 0.002 
A/cm
2
, then as all the water was consumed, the OER overpotential increased.  The 
relative contribution of the COR increases as the activity or concentration of water is 
reduced.  In summary, the presence of MEAs exposed to low RH for an extensive period 
of time, as in the case of a hot stop, were found to experience unusually high cell voltage 
decay as a result of accelerated cathode carbon corrosion.  This work shows a reverse-




suffering unrecoverable damage to the cathode.  Dry starts and stops have been inferred 
as especially detrimental. 
 Besides changing operational conditions of the fuel cell, the effect of carbon 
microstructure has shown promise for its corrosion resistance.  It was noted that graphitic 
carbon held some important advantages over more disordered carbon and a report by 
Cherstiouk et al. was published to validate the quantification of this effect and further 
elucidate this connection [
40
].  It was found that corrosion currents scale with specific 
carbon surface area so current densities normalized to surface area were used to compare 
filamentous carbon, Sibunit carbons, and carbon blacks.  The carbon filament structures 
showed the lowest corrosion rates.  They also verified the use of a substructural 
parameter that was calculated from the proportion of 3-D to 2-D ordering and the number 
of graphene layers in a crystal.  Thus, the value was an approximation of the carbon 
fraction at layer boundaries.  The experimental results proved that corrosion propagates 
from these boundaries and they reaffirmed the t
-0.5
 dependence on corrosion rate.  Their 
work also promoted the motivation for more work on ordered porous carbons of the 
Sibunit family which possesses high crystallinity.  Another report made a similar 
comparison between multi-walled carbon nanotubes with variable diameters and the XC-
72 supports.  They found the diameter of tubes had little measurable effect, but compared 
to XC-72, a major improvement could be confirmed [
66
].  The nanotubes were also 
hydrogen annealed to remove surface defects and further improve corrosion resistance.  
Another recent study showed that carbon nanotubes grown directly on a gas diffusion 
media with sputter coated Pt layer could offer effective fuel cell performance, but also 
showed improved durability in comparison to the XC-72 supports [
67




study revealed a similar result for multi-wall carbon nanotubes when compared to the 
commercial Vulcan carbon black as shown in Figure 1.17 [
68
].  Pt deposited on to 
graphitic carbons, especially carbon nanotubes have shown as much promise as any 








 Most studies have found a strong relationship between the loss of Pt surface area 
and the corrosion current.  The catalytic activity of Pt is also affected by the particle size 
in non-linear relationship because it is well known that nano-sized Pt has higher activity 
than larger Pt particles [
69
].  In electrocatalysts, the Pt was observed to grow to a critical 
size before carbon oxidation became the primary corrosion mechanism [
68
].  For example, 
Pt foil is very stable, but Pt-catalyst nanoparticles can promote spontaneous combustion 
of fuel at room temperature.  Although not discussed in this report, it is well documented 




and higher catalytic activities, but their corrosion resistance may also be another benefit.  
In the latter case, the alloyed metal will serve as the sacrificial anodic metal.  PtCo alloy 
catalysts which demonstrated better bonding to the carbon support also resisted 




 Smaller catalysts particles are more active because they have a higher 
concentration of surface active sites and greater specific activity although there stability 
is a greater concern.  An X-ray absorption spectroscopy technique was employed to 
understand the difference in catalytic activity of Pt nanoparticle versus bulk platinum.  
The authors were able to study the variation of the electronic and local structures of 
nanometer Pt during a potential cycling test.  A decrease in the bonding distance between 
Pt-Pt bonds of the nanometer Pt catalysts, especially those under 3 nm was found.  
However, catalysts under about ~4 nm diameter are generally characterized as too 





].  Many studies of electrocatalyst degradation have also used an 
XRD technique to measure the change in Pt crystal size like those shown in  
Figure 1.18.  Ferreira et al. used this material characterization tool to study the Pt growth 







Figure 1.18  XRD analysis of catalysts and Pt crystal size 
 
 ECSA loss is typically measured by electrochemical methods like cyclic 
voltammetry and the integration of the H2 sorption peaks.  The specific surface area 
decreased from 63 to 27 
  
   










 The platinum surface area loss near to the diffusion media (DM) interface is 
primarily due to Ostwald ripening, while the loss at the other electrolyte side has greater 
contribution from crossover hydrogen that precipitates the Pt
2+
 cation in the ionomer.  
This ultimately leads to a chemical attack of the polymer and the loss of mechanical 




cause of fuel cell performance and failure.  Preventing corrosion of the cathode in 
PEMFC has been a high priority in current fuel cell research and development efforts. 
 It has been suggested throughout this review that there are effective strategies to 
mitigate electrocatalyst corrosion by improving the material properties and operational 
conditions of the PEMFC.  Optimal operating currents and stable electrical loads could be 
drawn to prevent the cell from reaching extreme potentials where corrosion reactions can 
be accelerated.  Electrically shorting the fuel/air boundary to prevent the reverse current 
mechanism is also effective.  Another approach could use hydrogen cathode inundation 
to prevent corrosion by converting the fuel cell to a hydrogen pump or simply using a 
thorough inert gas purge before start-up would also be useful [
65
]. 
 Some of the corrosion effects could also be limited by the material properties of 
the electrocatalyst.  It was shown that Pt catalysts reduce the EA of the OER.  This energy 
is greater when the Pt becomes disbanded from the carbon support.  Some Pt-alloys can 
enhance this metal-support interaction with carbon.  However, this review focused 
primarily on the state-of-the-art pure Pt only catalysts.  Their bonding to carbon is 
affected by the carbon surface functional groups and the carbon microstructure.  Carbon 
can take a wide variety of structures and properties.  Carbon with a higher degree of 
ordering and lower defect concentration at exposed boundaries provides better corrosion 
resistance.  This is typically indicative of carbon with higher hydrophobicity.  However, 
carbon must have defects where the platinum can bond and transfer charge through the 
support.  Carbon has been the focus of this review because it is the leading commercial 
choice, but the carbon corrosion in presence of Pt is well documented despite the 




better dispersions and increasing mass activity will reduce the effect of Pt-C interaction.  
Although not previously referenced, there is much new and promising work on the 
development of alternatives to carbon. 
 In conclusion, cathode electrocatalyst corrosion in the MEA of PEMFCs is a 
critical issue to their viability and valuable application.  There are methods to inhibit the 
corrosion and these need to researched and developed further for future progress.  
Creative ideas are needed for new materials with the desired support properties.  Possible 
composite materials with multiple functionalities may be required.  These need to be 
developed before a true breakthrough can be made. 
 
1.1.3. Metal Oxides 
 Metal oxides are simply an oxidized form of the metal that results from their 
electrons becoming shared with oxygen orbitals.  Transition metals can range in 
oxidation state between discrete energy levels that are related to the number of available 
electrons in the metal valence.  Delocalized electrons from the conduction band become 
occupied by oxygen anions, typically with a -2 oxidation state.  Due to its 
electronegativity, oxygen forms stable chemical bonds with positive metals.  A primary 
advantage of using metal oxides in the catalyst support is from the stability they can 
provide.  However, the electrons localized in oxygen bonds are not capable of carrying 
charge through the material.  Lightly oxidized metals can still conduct some charge, but 
as the oxidation state of the metal is increased, they become more resistive.  The surface 
of metals becomes oxidized first because it is always exposed to a higher oxygen 




passivated.  Passivated metals can develop a surface oxide boundary that prevents them 
from further corrosion reactions.  Metal oxides can be directly prepared and assume a 
crystalline arrangement with coordinated oxygen anions around metal cations.  
Essentially, there is a trade-off between metal conductivity and its oxidation state.  This is 
particularly true at the temperatures used to operate polymer electrolyte cells.  In fact, 
there are only a few metal oxides which can exhibit passivation behavior in the PEMFC 
environment as represented by the elements in red of the periodic table in Figure 1.20 
when predicted for equilibrium behavior at 80 °C and low pH [
72
].  In this case, metal 
oxides will be employed for corrosion resistance in addition the strong bond they can 











1.1. Metal Oxide and Carbon Composite Supports 
 
 Metal oxide materials have garnered a lot of interest from the PEMFC research 
community.  Stability advantages over carbon make these materials more resistant to 
oxidation when oxygen anion forms stable bonds with the metal.  However, oxides alone 
have had limited success in commercial materials because they are too resistive and 
typically larger crystals are required for bulk conductivity.  Rendering the support 
properties through a composite approach with more stable phases covering carbon should 
allow for the synthesis of an effective catalyst support.  This is a challenge which lacks 
validation in working fuel cells, but the number of publications on metal oxide supported 
catalysts has seen exponential growth.  These have primarily been conducted in half-cell 
and RDE tests which don’t necessitate highly connected electrodes or an ionomer phase.  
A bottom-up strategy to build nanostructured metal oxides on carbon framework could 
provide desired conductive properties and high surface area support for the catalyst. 
 Titanium dioxide (TiO2) is the most thermodynamically stable compound of the 
two atoms in the fuel cell.  It exists naturally in three common crystal structures: anatase, 
brookite, and rutile.  The rutile structure has lowest heat of formation -944 kJ [
73
].  
However, evidence suggests that at the nanoscale, the anatase form may actually be more 
stable [
74
].  All crystal structures of titanium dioxide are semiconductors with a wide 
band gap (Eg) ~ 3 eV, though it is dependent on the phase.  Titanium is most commonly 




 electron configuration.  




 and a -2 valence electron concentration.  Altering the Ti:O 













 Titania has exhibited electrical properties from an insulator to a conductor.  
Titanium dioxide is often classified as a semiconductor despite its wide gap between the 









.  In TiO2, the Ti ions are in a distorted 




) electronic configuration. The 
valence band of TiO2 is composed primarily of oxygen 2p orbitals hybridized with Ti 3d 
states, while the conduction band is made up of 3d orbital around titanium.  The electrical 
conduction mechanism is typically n-type and results from excess electrons.  Anatase 
titanium dioxide has the highest insulation capacities and dielectric strength.  The band 




brookite type 2.96 eV.  Other stoichiometric ratios like TiO, Ti2O3, Ti3O5, and Ti4O7 have 
resulted in lower band gaps and higher electrical conductivities.  Some of the best 
combinations for stability and conductivity values have been measured in Ti4O7.  This 
material is sold commercially by the Atraverda Corporation and known as Ebonex
®
 with 
resistivity as low as 10
-3
 Ω·cm at 298 K [
75
].  More generally, these are known as 
Magnéli phases with chemical formula TnO2n-1 (where n is between 4 and 10) [
76
].  They 
are formed at high temperatures under low oxygen atmosphere.  Magnéli phases and 
other sub-stoichiometric ratios are stable, have good corrosion resistance, and are often 
used in acidic environments, including electrode applications in the literature dating back 








 The resistivity of TiO2 is as high as high as 10
12-13
 Ω·cm at 298 K [
77, 78
].  
Reduced Magnéli phases with low resistivity have been prepared and tested as catalyst 
supports [
79-81
].  However, they had several detractive properties which make them 
unsuitable for application to PEMFC.  They have some corrosion resistance in acidic 
environments, but could be further oxidized to TiO2 at higher potentials [
82
].  Also, the 






/g.  Other preparation techniques to form composites will likely be necessary 
to construct suitable conductive supports that can be applied effectively in electrodes. 
 The electronic configuration of a material is closely related to its thermal and 
optical properties.  Titanium dioxide, like other ceramics, has relatively low thermal 
conductivity because of the lack of free electrons.  The rutile crystal demonstrated an 
average thermal conductivity of 11 W/(°C∙m) between the 100 °C to 800 °C range.  The 
conductivity for anatase was 17 W/(°C∙m) for the same range.  The rutile form has a 
thermal coefficient of expansion of approximately 8 x 10
-6
/°C in the temperature range 0 




].  Rutile has the specific heat 





The Debye temperature was found to be 187 °C, where below this value the temperature 
dependence can be related to the specific heat capacity [
77
].  The values for anatase are 
similar, but the specific heat would be slightly lower because of the lattice structure and 
greater atomic spacing between Ti atoms.  It should be noted that the thermal properties 
are greatly affected by defects in the structure and the resultant free electrons will also 
change the electrical properties as well.  The refractive index of a material, n = (εr x μr)
0.5
, 











 It is observed that the static dielectric strength, or the permittivity at 0 K, varies 
with lattice direction and is highest in the z direction for rutile and anatase which is 
parallel to the c lattice parameter.  Relative permittivity, εr, can be calculated from static 
permittivity, εs, divided by the permittivity of a vacuum, εo.  Refractive index is also 
based upon the relative permeability of the material which is found 1.1 < μr < 1.2 [
77, 84
].  
This gives titanium dioxide a refractive index of 2.5 - 2.9.  This is one of the highest 
known indices for all materials and its brightest white comes from ability to refract 
visible light when particle size is optimized to about half its wavelength (200~350 nm).  
The bright white material is commonly used as a pigment in make-up, paint, food 
coloring, dyes, textiles, and many other purposes requiring an opaque dispersion of the 
visible electromagnetic spectrum.  However, its optical properties vary depending on the 
nature of crystal and defects found within it. 
 The high dielectric constant of titania gives result to its widespread use in 
capacitive devices and other related technical applications.  In fact, titanium dioxide was 




store high charges in small volumes in these devices [
85
].  In modern applications, they 
have found uses in gate insulators in MOSFETs where it is critical to maintain high oxide 
capacitance while making thinner layers that can prevent leakage current from electron 
tunneling [
86
].  In wavelengths shorter than visible, the material exhibits strong 
absorbance.  Photons with energy greater than the band gap, Ehυ > Eg, can excite an 
electron from valence band to the conduction band.  This phenomenon is of primary 
importance for applications in photocatalysis and photovoltaics.  Free electrons on the 
surface bond with H2O and can electrolyze the splitting of water molecules.  This process 
can also form reactive intermediates like ·OH radicals which have very high oxidative 
potential.  This field of research has produced the greatest number of journal articles on 
the material in recent times.  Below are some schematics of how titania is used in 













 Many efforts have been made to alter the electrical properties of titania by doping 
it with transition metals and anions, coating it with quantum dots, introducing defects, 
and formation of titania composites.  Most of the pioneering work was done to enhance 
photoresponse to perform more efficient redox reactions when excited by photons of 
lower energy in the visible region, for example.  The new materials have demonstrated 
many different effects and properties of charge transfer, electron-hole recombination 
rates, lower band gap(s), adsorption capacity, morphology, phase stability, intermetallic 
and interionic bonding, and more.  It is out of the scope of this review to discuss in detail 
all these effects.  Some interesting results from the metal coating of titania with Group 
VIIIB metals like platinum, the doping of titania with some Group V transition metals 
like niobium, and carbon modified titania as well as carbon-titania supports will be 
investigated.  When platinum is reduced on n-type titania semiconductors, a Schottky 
junction can be formed.  This results from the energy band bending and alignment of 
Fermi levels.  Metals with low work functions like platinum can cause electrons to 
accumulate at the interface of titania due to a barrier formed between the two materials.  
When electrons are excited in the oxide and they can cross the barrier into conductive 




separation of charge may be influential in the role of metal oxide supported catalysts used 
in the electrode.  In fact, the electrochemical potential can control its reactivity by a 
similar way to stimulation of photochemical reactions as was famously reported by 
Honda and Fujishima [
88
]. 
 Quite possibly, the most attractive advantage of titania based supports is the 
strong bond they form with Pt catalyst nanocrystals.  Some surface cations in oxides can 
be reduced to lower states which facilitate a strong metal-support interaction (SMSI) with 
group VIII noble metals like Pt when supported on TiO2, a term notoriously dubbed by S. 
J. Tauster [
89
].  Pt particles on the surface of oxides formed a strong bond and appeared as 
flattened “raft-like particles” to Tauster.  An intermetallic interaction exists between 
reduced Ti atoms and the noble metals on their surface.  Later, it was discovered that 
actually the Ti cations from the oxide had diffused around its surfaces and physically 
encapsulated catalysts.  A scanning tunneling microscopy observation of encapsulated 
SMSI catalysts was compared with those heat treated in air and their morphology was 
compared; the oxidation state of titania in the support plays a critical role in CO oxidation 
[
90, 91
].  Bonnani et al. also realized the encapsulation was at least semi-reversible and 
dependent upon preparation conditions.  In any case, it may be comprehensive to study 
SMSI from the perspective of electron band diagrams and the resulting junctions formed, 
such as the Schottky type which has also been used in other supported heterogeneous 
catalysts [
92
].  The study of these junctions has been very important to the development of 
engineering of almost all electronic circuits, for example.  It would be a remarkable 




electrocatalyst design for fuel cells and related technology to new levels that generate 
widespread success in its commercial adoption.  
 
a)  b)  
 




 Tauster first published his findings in 1978, but added the electron micrograph of 
Figure 1.26 in afterwards in a later publication which extended these phenomena to other 
oxides from the left side of the transition metal series.  A molecular orbital study by his 
colleague at Exxon followed in 1978 to explain how reduced transition metal oxides 
could transfer an electron from metallic Pt with a nearly full d-orbital [
93
].  The 
intermetallic bonding theories and correlations of Brewer, Friedel, and Miedema also 
predict a thermodynamic relationship between metals having half-filled vacant d-orbitals 
bonded to metal atoms having full or nearly full d-orbitals [
94
].  A lot of literature on this 
topic exists with varying descriptions about the interaction; however, a simplified 
understanding was offered by John Robertson in 2010 when he related the mechanism of 
electronic charge compensation, metal induced gap states, and defect reactions on 
semiconductors by his description of electronegative transition metals from the right side 
of the series deposited on electropositive metal oxides from the left side [
95
].  In any case, 
these intermetallic interactions are much stronger than those directly between carbon and 











 Titanium oxides, or titania, are a promising electrocatalyst support candidate for 
several reasons.  One benefit of this material is it can offer high surface areas through the 
creation of porous microstructures.  Titanium dioxide has a high melting point near 1870 
°C and this provides a large undercooling window to form smaller critical radii (r*) 
where r* α 1/ΔT [
97, 98
].  This property also allows for titania to form many interesting 
nanostructures with large available surfaces.  Titanium precursors are typically dissolved 
in a complexing solution before being bonded to carbon in order to control the material 
nanostructure over larger scales and other substrates.  Many interesting designs can result 
from titania composites which are often applied to maximize their surfaces.  Some 
common synthesis procedures use a colloidal suspension or sol-gel preparation combined 
with a templating agent like an organic surfactant, polysterene spheres, or silica opal 
particles.  These are then evaporated during calcination or etched away with a strong acid 




controlled dimensions.  Many interesting nanostructures have been prepared for a wide 

















 Titania supported Pt catalysts have been investigated as early as 1986 for 
phosphoric acid fuel cells and other oxide supports have also been used as electrodes in 
solid oxide fuel cells, but this review will focus on their application to PEMFCs and their 
benefit to low temperature electrocatalysis [
59, 101
].  Most titania catalyst supports with 
stoichiometric values near TiO2 have negligible catalytic activity for ORR without 
addition of Pt or Pt/C to electrodes when studied by several half-cell reactions [
102, 103
].  
However, these tests do not necessarily require highly conductive catalyst supports and 
resistive values, including oxide capacitance, are often corrected from activity 
calculations.  Some of these compositions have also tested actual Pt/TiO2 electrocatalysts 
in real fuel cell conditions and achieved results which are nearing those of commercially 
available Pt/C products [
104
].  In 2009, some of the best published results to date 
demonstrate that Pt/TiO2 performance may rival that of Pt/C electrocatalysts while also 













 This electrocatalyst used a very high Pt mass fraction and used added conductive 
filler materials in the electrode.  These electrodes are known to have transport and 
flooding issues.  Very little processing detail was revealed in this communication, 
however.  Nevertheless, the most obvious benefit of Pt/TiO2 electrocatalysts is the 




Figure 1.30  (a) Pt/TiO2 electrocatalysts show very stable performance in 1.2 V hold 




 Some research groups have attempted to simply mix titania with carbon to form a 
more conductive composite support with limited success.  Pt/C+TiO2 materials were 
investigated for fuel cell performance and Pt was deposited on carbon black then titania 
was added by hydrolysis and its durability rivaled the commercial Pt/C in a real PEMFC 
during cyclic voltammetry degradation tests, but did not improve cell performance or 
catalyst activity [
106
].  A TiO2 and carbon black slurry mixture were used as support and 
impregnated with Pt which showed good resistance to Pt migration and agglomeration in 
ORR [
107




commercially purchased titania mixed ultrasonically with carbon black that also yielded a 
similar result [
108
].  However, the mixture of carbon and TiO2 has likely not offered the 
optimum performance improvement due to the lack of material synthesis control and the 
structural ordering required for the dual benefit.  Engineering the interface between the 
metal and metal oxide should not be overlooked in the use of titania for electrocatalyst 
composites.  This interface could be an important source of the synergy between activity 
and stability. 
 The concept of altering the band gap in titania by doping the material to shift the 
Fermi level EF may provide one mechanism to improve its conductivity in addition to its 
role in catalysis.  Doping can introduce additional electron energy levels into the band 
gap that may be populated by electrons which cause the EF to shift up or down.  Similar 
transition metal dopants have offered conductivity increases in titania and altered its 
electronic properties, specifically the addition of niobium.  Niobium has the closest ionic 
radius to titanium for a +5 valence state with same coordination number and it also forms 
a strong metal-support interaction with Pt [
96
].  The enhanced conduction mechanism 
seems to be a result of Ti
4+
 partially substituted with Nb
5+
 and this leaves some oxygen 
vacancies in the crystal structure that form shallow electron donor sites.  These vacancies 
allow electrons localized at metallic interfaces to become charge carriers.  Resistivity 
values of some titania thin films were measured as low as 10
−3
 and even 10
-4
 Ω·cm in one 
report with increasing niobium concentration up to ~8 atomic percent which is near the 
substitutional saturation limit in rutile phase [
109-111
].  However, in a nanoparticle 
synthesis of mesoporous films (190 m
2
/g and 43% porosity) with 20% Nb content, 0.25 
S/cm conductivity was measured [
112




to even higher concentrations in the more relaxed anatase structure [
113, 114
].  Addition of 
Nb also results in greater phase stability of the anatase by increasing the rutile phase 
transformation temperature and retarding grain growth [
114
].  There is an extensive 
collection of literature on Nb doped titania and its defect chemistry, but the addition of 
metals like Pt can also have a significant contribution to its defect properties. 
 There is some contradicting evidence in a few reports over the phase necessary to 
achieve acceptable conductivity.  Some have suggested that a rutile phase is necessary to 
develop a suitable electrocatalyst while others report the anatase phase can also exhibit 
sufficient conductivity [
115, 116
].  The discrepancy may come as a result of the preparation 
technique used and the reducing condition.  When the metal oxides are prepared by a 
direct phase transition path, then kinetics are often faster than reducing an already 
stabilized crystalline phase.  Huang et al. used a sol-gel procedure to prepare the 
conductive rutile phase by reducing the oxide at higher temperature [
117
].  The 
transformation temperature for the densely packed rutile phase with (~ 550 °C) is higher 
than that of the metastable anatase phase.  The greater temperatures required for the rutile 
transformation also limits the porosity of titania and decreases the surface area 
substantially.  A long range crystalline order is needed to maintain the conductivity over 
greater distances and prevent recombination at grain boundary defects.  The niobium 
doped titania would also result in a reduced oxidation state (non-equilibrium) of 
transition metals in the oxide which would be subject to further oxidation and not as 
stable as the non-conductive TiO2 (see Pourbaix diagram), for example.  However, 
defects at the interface are considerably more stable when resulting from strong metal-




depositing on carbon framework from a simple sol-gel process to fabricate a high surface 
area support with sufficient conductivity before depositing the Pt catalyst to form unique 
interfaces and heterojunctions. 
 Demonstration of a new approach which could offer the benefits of stability and 
improved catalytic activity without sacrificing valuable surface area is an important 
objective of this study.  Growing titania onto a substrate like graphitized forms of 
mesoporous carbon or carbon nanotubes from a solution deposition process offers an 
ideal support that can withstand transformation temperatures needed for composite 
preparation which can be scaled up well due to its simplicity.  Titania has been coated on 
to similar carbon substrates for other applications (i.e. photocatalysis and photonic 
crystals) without losing the integrity of carbon substrate structure to support.  In these 
applications, the carbon is typically used as an electron sink that is ideal for separating 













 Ordered mesoporous carbon materials have been defined as having pore sizes 
from 2-50 nm and they have been tested as supports for Pt catalysts.  Chang et al 
reviewed mesoporous carbon for fuel cells, but stated that the application is still in its 
infancy [
119
].  Others have prepared the mesoporous carbons with high conductivity for 
direct methanol oxidation in the anode.  Mesoporous carbon is typically prepared by 
forming a silica template than etching it away with strong acid or patterning carbon with 
polymer spheres then evaporating them.  These materials have exemplified surface areas 
as high as 500 m
2
/g.  Titanium carbides used for supercapacitors can have even higher 
surface areas [
120
].  A characterization of 3-D ordered porous carbon coated with titania 
nanoparticle composites was done by Zhiyong Wang for a possible gas sensor application 
[
121
].  If mesoporous carbon could be coated with titania and hold its porous structure, it 

















 Carbon nanotubes are one carbonaceous material which can withstand high 
annealing temperatures in air up to about 450 °C which is also sufficient for the anatase 
phase transition [
122
].  CNT supported titania composites can be prepared with high 
aspect ratios and suitable conductivity.  Titania has been coated on to the surface of CNT 
by a few different methods and several reports have now investigated their use for fuel 
cells.  P. Vincent first published results of composites from CNTs dispersed in a titania 
sol-gel [
123
].  Others groups have since studied a CNT coated TiO2 deposition procedure 
using ultrasound irradiation in aqueous solution [
124, 125
].  Varying preparations of 
multiwall carbon nanotubes (MWCNTs) have successfully grown titania crystals on them 
by a sol-gel method as shown in Figure 1.34 by Jitianu et al [
126-128
].  Carbon nanotubes 
were first oxidized to create carboxylic acid groups and oxygen defects on the surface.  
These anionic sites serve as attachment points for the titanium cations.  This is effective 
for preparing a uniform and thin film of titania particles to the surface.  The loading of 
titania on carbon will have an effect on its crystallinity and also its electronic properties.  




area photocatalyst.  Bin Liu et al. used a similar chemical approach to prepare 
mesocrystals of anatase TiO2 onto multi-walled CNTs with controllable surface coverage, 
surface area, crystal orientation, and TiO2/CNTs ratio shown in Figure 1.35 [
129
].  Other 
efforts have also focused on the composite structure for enhanced photocatalysis, but 
their work found optimum results from only a small concentration of CNT which are not 
nearly as dependent on the formation of a conductive network.  More uniform crystalline 
coatings were grown on single-wall CNT arrays using a metal-organic chemical vapor 
deposition process, but this is not as friendly for loose powders or scaling up synthesis 
[
130
].   
 
 





Figure 1.35  High resolution SEM of CNT covered with large titania nanocrystals 







 A composite material made from both CNT and TiOx may be an excellent 
alternative to pure carbon and could be a platform to demonstrate a proof of concept for 
further understanding and development.  If crystalline titania nanostructures were well 
connected and bonded to carbon nanotubes, they should offer composite support that 
limits carbon oxidation effects from exposure to a corrosive environment.  Platinum 
catalysts would then be anchored to the titania where a stronger bond with the metal 
oxide would be more likely to prevent dissolution of the catalyst while electronic contact 
with CNT can still percolate an interconnected network.  In all cases of Pt reduction on 
composite supports, it seems that the metal tends to deposit on or in contact with the 
metal oxide.  When this idea was originally conceived, there had been very little 
published electrochemical results, but there have since been quite a few studies using 
very similar composite structures.  However, guiding principles for their design lack a 
depth of understanding required to build better electrocatalysts.  Furthermore, validation 
in working electrodes still remains a question of concern.   
 The number of publications on this metal oxide catalyst support for electrocatalyst 
has seen an enormous surge in recent years.  Some of the most promising results from the 
work in this field have included a composite based structure.  In 2010, a Pt/TiO2/C 
electrocatalyst was used for a test in ORR behavior of a working fuel cell and revealed 
improved performance after aging [
104
].  This cathode showed improvement over Pt/C in 
accelerated aging test when potential was cycled 0.6-1.2 V for 3000 repetitions.  In this 
case, the carbon was a Vulcan XC-72 carbon black and although the initial performance 




better control of over interfacial formation and improvements in elemental proportions 
will improve the understanding of fundamental mechanisms which can guide further 








 A recent report from PNNL has studied the benefit of the triple phase junction 
formed when Pt is bound at the interface of the carbon and metal oxide.  It is believed 
this triple phase junction is what may help realize both the benefit of stability and 
performance.  A thorough investigation of this was published on a graphene 
functionalized with indium tin oxide (ITO) and later tin oxide nanostructured surfaces 
[
131, 132
].  The activity and stability limits for ITO have also been explored for ORR [
133
].  
Although a different material from titania, some of the same chemical principles can be 




between metal-metal oxides.  This publication included both experimental findings from 
electrochemical cells and a DFT model to predict the favorable arrangements of 










Figure 1.38  (a) Defects in graphene serve as binding site for b) Pt, c) ITO, and d) ITO-Pt 











 A group from Harbin Institute of Technology reported a carbon riveting process 
of metal oxides to enhance the electronic contact of a Pt/TiO2/C system.  This requires 
the utilization of a post-processing step to mix an organic carbonaceous material such as 
glucose; when cooked, a connecting carbon skeleton remained [
134
].  A working electrode 
showed an improvement of stability in a 0.5 M H2SO4 when subjected to potential 
cycling that could be measured by the change in electrochemical area and the change in 
particle size distribution.  This same group went on to demonstrate a similar processing 
strategy and aging test for a multi-wall CNT that encapsulated a 20 nm titanium dioxide 
powder inside its hollow center then followed with microwave-assisted polyol reduction 
and carbon encapsulation [
135
].  The authors present an even more stable electrocatalyst 
material that only grew an average of 3% in particle diameter in comparison to 23.4% in 
the previous publication, an approximate 7.5 times improvement.  This inspiring work 




cathode is still uncertain.  A report from 2012, demonstrated a hierarchically structured 
Pt/CNT@TiO2 for stability purpose that showed a similar starting active area for a similar 
loading of Pt/CNT, but had 78% surface area remaining after potential cycling compared 
to 57% for the latter [
136
].  Although many of the details are left out of this 

















 Ultrathin titania on CNT supports for platinum was published in a comprehensive 
study for the first time in August 2012 [
137
].  Multi-wall CNTs were covered with a 
titanium alkoxide precursor from a sol-gel and the procedure is summarized in  
Figure 1.42.  After 1000 potential cycles, the Pt-MWCNT@UT-TiO2 had 62% of active 
Pt area remaining compared to only 35% for Pt-MWCNT and less than 44% for Pt-C.  
Smaller Pt nanoparticles ~1.6 nm were prepared on the composite support which offered 
a remarkably high 285.5 m
2
/g active catalyst area.  Surprisingly, the conductivity was 
also higher for a solid made from the composite with titania.  Extensive materials 
characterization including XPS attempts to explain the effects and the role of SMSI in 
benefits to activity and stability.  The lead author, N. G. Akalework included this work in 
his dissertation as well as a Mo doped titania used for the anode.  Since 2012, several 
other groups have also published new results of this materials system and are included in 
the introduction to later chapters.  Notably, some of the most recent publications from 
Professor Kan Huang’s group at University of Missouri have also included studies in the 









Figure 1.42  Ultrathin titanium oxide film covered on multi-wall CNT 
 
 Another study published in 2012 utilized a carbon nanotube array grown on 
Inconel and RF sputtered with niobium oxide films of 2 or 10 nm [
140
].  This was 
followed by platinum sputtering for mass loadings of 0.03, 0.09, and 0.15 mg/cm
2
).  A 
half-cell study in 0.1 M HClO4 from 0.5 to 1.4 V for 10,000 cycles showed significant 
durability improvements over the control sample without the NbO2 under layer.  This 
slightly reduced form of Nb
+4
 was able to provide effective conductivity while also 
providing exceptional stability that claimed to completely preserve ORR activity when 
cycled in the range from 0.6 to 1.1 V.  An investigation of amorphous niobium oxide on 
carbon has been reported for benefits as a Pt support in both electrodes [
139, 141
].  There is 
some concern whether NbO2 phase or +4 state of the metal would be maintainable since 
it is not in the preferred +5 oxidation state found at equilibrium.  However, oxidation 




 Although the kinetics for metal oxidation may be very slow, it will eventually 
assume the thermodynamically stable oxidation state associated with its environment.  
The surface atoms are most susceptible to the change because of their contact to the 
environment.  The environment of the fuel cell is dependent upon the operation 
conditions, but specifically the cathode is an acidic state at high potential.   Titania based 
electrocatalysts were first investigated for their use in electrodes with use of Magnéli 
phases sold as commercially available product known as Ebonex and reported in classic 
literature [
76
].  There have been several reports which have attempted to realize the 
benefits of the material because of its electronic conductivity that arises from the oxygen 
defect concentration, electron compensation, and the reduced form of the metal that 
provide for its conductivity.  However, a nice review in 1998 warned of the issues related 
to its stability and low surface area [
80
].  The material has been demonstrated benefits in 
both electrodes and was also more stable when compared to XC-72 carbon in simulated 
cathode condition of the fuel cell [
79, 142, 143
].  However, the average charge of the titanium 
ion is between +3.5-3.8, which is less than ideal +4 Ti cation.  The Pourbaix diagram 
shown in Figure 1.43 indicates that titanium would prefer the TiO2 passivation state in 
typical regions of operation for the cathode of the hydrogen fuel cell, although some 
surface hydroxide may also be encountered at pH near 0 which is not indicated here on 







Figure 1.43  Pourbaix diagram for titania in aqueous system at STP 
  
 In fact, a recent report from the National Research Council of Canada and the 
Institute for Fuel Cell Innovation has synthesized nanofibers of NbO2 and Ti4O7 as Pt 
supports with some conductivity that showed a surface passivation film [
144
].  Material 
characterization through XPS and XRD showed how the surface film adopted an 
equilibrium conformation over time.  Both supports were subject to ECSA and ORR 
losses after 1000 cycles that were attributed to the formation of this insulating surface 
oxide.  Niobium is a very suitable dopant in titania and it is another metal which can exist 






].  A better result was claimed for a microsphere catalyst support from 
Nb-doped TiO2 with a high specific surface area which was cycled in 0.5 M sulfuric acid 
from 0.05-1.2 V in RDE study and lost just 15% of starting Pt area after 1000 cycles [
146, 
147
].  A partnership between NRCC and AFCC tested the efficiency of Pt deposited on 
carbon composite coated with the Nb-doped of titania that had a support surface area of 
176 m
2
/g in the rutile phase [
148
].  This electrocatalyst was cycled between 0.6-1.2 V in 
0.1 M perchloric acid and lost 35% of its mass activity after 1000 cycles, although it had 




Figure 1.44  Pourbaix diagram for the aqueous Nb system at 25, 75, and 95 °C 
 
 The passivation layer on metallic surfaces is a thin layer of oxide that forms on its 
surface.  This is based in part on the magnitude of standard free energy of formation for 




species to the underlying or supporting metal structure below the surface.  Some values 
for the enthalpy of formation from metal oxides are presented in the graph in Figure 1.45.  
An Ellingham diagram is presented in Figure 1.46  to depict the standard Gibbs free 
energy of Ti-Nb-O system from the DoITPoMS website interactive feature.  The tenacity 
of the oxide layer is a function of its bond strength; more stable oxides are less likely to 
undergo further oxidation or corrosion in the case of electrochemical reactions addressed 
in this review.  As seen in Figure 1.45, noble metals have less stable oxides and are 













Figure 1.46  Ellingham diagram of Ti-Nb-O system 
 
 Several reports attempted to use the heavily reduced metal oxide phases and 
claimed some success, but when tested over many potential cycles this far from 
equilibrium state material is not really viable, it become irreversibly oxidized after 
cycling.  The use of reduced cations like Ti
+3
, in TiN have been tested for their efficacy 
as Pt supports [
149
].  However, the same authors published two subsequent papers 
detailing the oxidation kinetics and the material’s time dependent corrosion to TiO2 at its 
surfaces [
150, 151
].  Recent findings have been presented on the electrocatalytic behavior of 
reduced transition metals from Group IV-VI in RDE tests with materials such as TiO 




suggests that these metals oxides could maintain a stable performance over any extended 
test condition.  It seems more success has been seen by balancing charge differences 
using acceptor or donor dopants in titania.  The full extent of these publications cannot be 
adequately covered in this review so it will suffice to say that by only slight deviation of 
the equilibrium state of metal oxides, a more active and stable initial state can be 
prepared with regard to the electrochemical cell environment. 
 Niobium donor dopants in titanium oxides have been most thoroughly 
investigated because of similar ionic radii and coordination numbers to titanium.  The 
donor states a more positively charged atom which must be balanced by introduction of a 
negative compensation.  Extra oxygen can either be integrated into the lattice or a 
vacancy will leave a non-bonding electron [
152
].  Although there may be the possibility of 
adding conductive states into the material, these are not intrinsically as stable as the fully 
oxidized form.  This is why it is desirable to form very thin nanostructures of the 
equilibrium metal oxide on the carbon surface which can serve as strong anchoring sites 
and while dopants can also help resist encapsulation from SMSI [
153
].  Niobium, 
tantalum, tungsten, and vanadium oxides are other example materials which are also 
stable in the cathode region and can additionally offer SMSI as well as good corrosion 
resistance thanks to a very stable passivation film. 
 Doped titania has since garnered much attention from the fuel cell community 
based on several successful results.  Alex Bauer et al. used an electrospinning technique 
to obtain high aspect ratio fibers of polyvinyl pyrrolidone polymer containing ceramic 
precursor of titania and the resultant composite fibers were heat treated at 850 °C [
146
].  




carburized electronic contact between the phases.  The cell performance and surface area 
was less than a Vulcan XC-72 supported Pt in comparison; however, the stability of 
normalized surface area showed a marked improvement.  An ORR ring-disk electrode 
showed improvements in both activity and stability.  A similar result was also found by 
Do et al. for a polystyrene latex templated high surface area Nb doped TiO2 with mass 
activity compared traditional carbons [
154
].  Though, these works all highlighted the need 
for further electrode development and better MEA testing.  
 Carbon doping has been one popular method to lower the Eg for titania and has 
been proven an effective application for many photocatalysts which can red-shift the 
band gap from the UV to the visible region of the electromagnetic spectrum.  The 
motivation for this work has been the more efficient use of longer wavelength photons 
that are more intense in natural environments.  The results from a well-executed 
experiment show that carbon doping of titania enhances the solar absorption [
155
].  The 
theory of carbon doping of titanium dioxide was the title of a paper by Di Valentin who 
discussed these experimental results and applied DFT calculations to predict the state of 
energy bands in the structure [
156
].  The results for carbon C
+4
 substituted titanium Ti
+4
 
centers shows a reduction in Eg for anatase crystals by 0.1 eV.  This is also the most 
stable position for the carbon dopant, but it can also found in other positions including 
interstitial sites and even in oxygen vacancies.  These situations are in part dependent on 
the dopant concentration and six occupied 2p states which lay 0.3-1.3 eV above the 
valence band and the gap is reduced to 2.46 eV when both defects are included.  The 
anatase phase is the predominant crystalline structure found for maintaining semi-








 A systematic study to understand the role of crystallite size in the catalyst stability 
was conducted for titania in several phases.  The degree of crystallinity is often measured 
by XRD and the diffraction pattern can give an estimation of the crystalline structure and 
distribution.  Jiang et al. used a microwave assisted polyol process for Pt deposition  on 
commercially available and uniform titania crystallites; the catalyst particle size change 
from before and after an accelerated cycling potential cycling protocol was measure [
157
].  
The report shows an improved stability for 20 nm titania particles.  The titania mass 
fraction was varied from 30-90% and the optimum value found was 40% of the total for 
the smallest decrease in ECSA.  The anatase phase undergoes a transformation above 300 
°C, but the uniform rutile phase is only obtained under higher temperatures > 550 °C 














Figure 1.48  XRD pattern shows phase change for 25% Nb doped crystal 




 The rutile structure actually has a narrower band gap than anatase and the material 
is more conductive when the structure is doped as seen above.  This is likely a result of 
greater bulk conductivity and decrease in surface area that this phase transformation 
imparts.  Grain boundaries can also become charge recombination centers that limit long 
range conduction.  Another USC group reported a doped titania with conductivity of 1.11 
S/cm after reduction [
117
].  This value is higher than proton conductivity of the 
electrolyte, but less than electronic conductivities of carbon.  The area change from this 
material cycled up to 1.4 V shows significant improvement relative to a conventional 
carbon, but the electrocatalyst is not immune to surface area loss as seen from RDE test.  
It is believed the metastable anatase structure will hold the most promise for the fuel cell 







Figure 1.49  Pt cycling stability of a) Nb doped TiO2 rutile 




 It is not the objective to enhance the conductivity of the oxide in supports.  The 
role of the oxide in composite support is primarily for stability, though possible activity 
enhancements to the noble catalyst may also be possible.  It is hypothesized that great 
improvement on catalyst performance and stability can potentially be realized from a 
composite metal oxide and conductive carbon hybrid.   
 There have been several interesting discussions in this review related to the 
electronic conductivity of titania, but some have also considered its proton transport in 
the hydrated state when hydroxyl group forms on its surfaces [
158-160
].  The equilibrium 
diagram suggests that an orthotitanic acid Ti(OH)4 or the dehydrated complex TiO2 • 2 
H2O or metatitanic and the TiO
++
 which can perform the anionic hydroxyl exchange with 
surface water.  Although the literature found on this topic is scarce, there are a few 
reports suggesting that it can contribute to proton conduction by functionalization with 
sulfonic acid groups [
158
].  A space charge induced hydrogen ion insertion in nanoscale 




the crystal structure [
161
].  This sample was immersed in a concentrated sulfuric acid 
solution to simulate the electrolyte of the fuel cell.  A space charge layer from deuterium 
insertion depended in part on the crystal size, but the diffusion in this material at 300 K 
and 20% RH was only three times lower than that of Nafion and increased with 
temperature which shows promise for fuel cell electrolyte materials.  Related, but earlier 
works by Ekström  and Gustavsson have shown a benefit in ORR by depositing thin Pt 
films ~ 3 nm on to Nafion membranes with and without titania layer ~20 nm [
162
].  The 
substrate is not credited for enhancing specific activity, but there was an added benefit 
from the increase in surface area and it was also hypothesized that the titania actually 
contributed to the proton conduction.  It seems that the proton conduction over tens of 
nanometers length scales is sufficient to reach the catalyst surfaces which are not in direct 
contact with the Nafion.  In fact, many reports have included titania phases in the 
polymer for added improvements that included ionic conductivity in low humidification 
after a report by Watanabe, Uchida, and Stonehart [
163
].  Other metal oxides including 
zirconium, tungsten, and tantalum have provided similar benefits.  When sulfate and 
phosphate groups were attached to Zr or Ta, they were able to provide some of these 
functions including proton conduction to catalyst sites [
164, 165
].  Ionic surface conduction 








Figure 1.50   Metal oxide (TaOx) with surface acidity for proton conduction 
 
 A specific goal for material synthesis in this research project is to enhance 
catalyst support system stability by taking advantage of the strong metal-support 
interaction between platinum and titania.  The proximity and electronic contact of the 
deposited catalysts will form a triple phase boundary in this composite.  The carbon 
nanotubes serve as the conductive foundation, with better stability than carbon black as 
evidenced by the results from Appendix A.  The recent progress shown in the 
experimental work has aimed to realize these benefits in PEM cells through easily 
implementable synthesis routes.  Further understanding and optimization are necessary 
and will be discussed in the future approach with regard to following chapters.  The 
fundamental design concept of CNT/titania support is to use one material (CNT) to 
provide a conductive network and use another material (titania) to provide stability 
enhancement.  A CNT network provides for a high surface area titania support.  The 
composite support concept could offer synergistic function which cannot be realized by 




useful interfaces.  When understood from fundamental principles, design is possible from 
sub-atomic level up to the scale of electrochemical cells. 
 
1.2. Electrode Preparation by Ultrasonic Spray Deposition 
 
 The design of the electrode is very closely related to the materials used to prepare 
it, though the fabrication process is equally important.  The electrode is simply comprised 
of three phases; electrocatalyst, electrolyte, and open space.  These domains must be 
intricately connected by methods which are difficult to control.  This is in part due to the 
very fine length scales over which the arrangement must take place.  Electrode 
microstructure has a critical effect on cell performance and can also play a role in 
durability.  Furthermore, it is not trivial to explain the contribution of processing because 
it is difficult to visualize what is happening on these scales and the effects are often 
convoluted.  The mass transport of reactants and products is a complicated by two-phase 
flow (gas and liquid) and partially dependent on the transfer of charge in the electrode.  
For example, flooding in the electrode can present a problem that is related to obstruction  
of mass transport processes.  This will limit performance, but also can lead to durability 
problems.  A comprehensive review of electrode fabrication procedure would be out of 
context for discussing the catalyst and support stability.  However, it should suffice to say 
that a highly automated and reproducible process for fabricating electrodes can benefit 
this research by providing a consistent and uniform MEA that is suitable for cross 







Figure 1.51 Ultrasonic spray (left) and air spray electrode (right) 
 
 





Chapter 2. High Performance Supported Platinum Catalyst Fuel Cell 





 The core of a polymer electrolyte membrane fuel cell is the membrane electrode 
assembly (MEA). Manufacturing processes for MEA have significant impact on their 
performance and durability.  The authors report an ultrasonic atomization and spraying 
technique to deposit catalyst layers directly on to the membrane was developed for the 
construction of membrane electrode assemblies.  Electrochemical test of as-fabricated 
MEAs indicated very good performance and reasonable stability. The platinum yield of 
the fabrication process was found to be ~ 90% for this electrode geometry. 
 
2.2. Introduction and Background 
 
 Ultrasonic vibration of a liquid surface attached to substrate causes the formation 
of surface capillary waves.  As the amplitude increases, the rupture of capillary surface 
waves occurs; liquid droplets are subsequently ejected from the surface [
166, 167
].  To 




be shaped and moved around with low velocity air or other carrier gas. Applications of 
ultrasonic spray technology range from ordinary liquids to molten metal for air 
conditioning, drug delivery, powder production, combustion, textile coating, solar cell 
manufacturing, and lately fuel cell manufacturing [
168, 169
].  The major advantages of 
ultrasonic spray include uniform spray with narrow distribution of droplet sizes, 
controllable mean droplet size diameter by ultrasonic forcing frequency, low droplet 
velocity (soft spray) that minimize splashing and material waste, quiet operation, low 
energy consumption for atomization and spray shaping.  The ultrasonic spray technique 
also allows for multiple syringe pumps and mixing at the atomization surface.  Many 










 An ultrasonic spray process to fabricate membrane electrode assemblies has been 
applied for fuel cell testing.  A commercial Sono-Tek
®
 Exactacoat was used for this 
purpose.  The spray parameters, such as generator frequency, ink feed rates, heater 
temperature, nozzle speed and height, et cetera were investigated for the production of 
membrane electrode assembly with Pt/C catalysts and Nafion membrane.  The 
electrochemical performance of the ultrasonic sprayed MEAs was characterized by fuel 
cell testing.  By optimizing the spray parameters, MEAs with high performance were 





at 0.6 V when operated on hydrogen/air and hydrogen/oxygen (no back 
pressure), respectively.  The ultrasonic spray technique was found to be a versatile and 
promising technique for producing membrane electrode assemblies with high 
electrochemical performance.  A thin homogeneous layer with uniform catalyst 
dispersion is the result of this highly automated process that provides for consistent and 
reproducible MEA performance.  Estimations of catalyst yield and utilization are 
important in scaling up ultrasonic spray deposition in order to spray larger areas at faster 
rates.  Spraying catalyst inks directly on the polymer includes causes wrinkling by 
solvent uptake, but heating the substrate can accelerate its evaporation and reduce this 
problem.  By direct deposition, the electrode interface with the membrane can be 
intimately bonded by the procedure applied.  Interfacial resistance between the electrode 
and electrolyte can be minimized by this process.  A consistent and uniform electrode 





2.3. Experimental Procedures 
 
2.3.1. Ink Preparation and Deposition 
 The ink was formulated using carbon, platinum, DI water, isopropyl alcohol, 
and Nafion
® 
solution (DE-521 from DuPont). The catalytic active ingredient of the 
ink is carbon supported platinum (HiSpec
TM 
9100) from Johnson Matthey Fuel Cells. 
The ink was first dispersed by a homogenizer for up to one hour, followed by 
treatment using an ultrasonic horn at 20 kHz (Sonics VCX 750) for one hour. The ink 
deposition was carried out using a commercial ultrasonic coater (Sono-Tek 
Exactacoat
TM
) as shown in Figure 2.2.  A set of spraying parameters were determined 
through a trial-and-error process. The ink was atomized using ultrasonic 120 kHz 
spray head (AccuMist
TM 
from Sono-Tek) and carried downward to the substrate via a 
low pressure air stream.  The diameter of the ink plume is about 2.5 mm and a stand-
off distance of 35 mm is maintained between the spray head and the substrate.  The 
atomization frequency of 120 KHz at an ink feed rate of 0.2 ~0.4 mL/min was found to 
work well for the ink formulation.  An X-Y-Z robot was programed to spray the ink in 
a raster pattern directly onto the Nafion membrane (NRE-212) held onto a 
horizontal heating platen heated to 100 ºC.  Equal amount of ink was deposited on 
either side of the membrane.  After spraying, the MEA was protonated in sulfuric acid, 
washed in DI water, dried, and hot pressed at 130 ºC at 300 N/m
2







Figure 2.2  Ultrasonic spray deposition system (Sono-Tek Exactacoat) with labels 
and 25 cm
2
 active area membrane electrode assemblies from templated fabrication 
 
2.3.2. MEA Performance Testing and Post Analysis 
 After pressing and post-treatment, the MEA was assembled into 25 cm
2 
fuel cell 
test hardware (Fuel Cell Technologies) for performance testing.  Carbon paper with 
microporous layer (SGL 10BC) was used as the gas diffusion media.  A graphite 
flow plate with single serpentine flow pattern was used for the anode side, and a graphite 
plate with triple serpentine flow field was used for the cathode side.  The assembled 
fuel cell was connected to a fuel cell test station (Scribner Associate 840).  Cell 
temperature was set at 75ºC, and the dew points (DP) of the fuel and oxidant were set 
at 75 and 73 ºC, respectively. A minimum flow rate of 300 sccm was set for both 
anode and cathode side reactants; when the flow rate needed exceeds 300 sccm, 
stoichiometric flow rates were applied.  The cell was first hydrated with humidified 
nitrogen for one hour, and then held at 0.55 V with H2/Air for 2+ hours to break in.  
Polarization curves were collected using H2/Air and H2/O2, where the cell voltage was 
swept from open circuit voltage (OCV) to 0.4 V and back to OCV, with a 50mV 
increment.  At each voltage step, the cell potential was held for 30 seconds. Short-term 
stability tests were also conducted; the cell was held at several constant voltage 




current and resistance. 
 For the estimation of platinum mass activity and specific activity, the cell was 
tested at 80 ºC in the kinetic-controlled potential range using fully humidified H2 
and O2 at 150 kPa pressure; hydrogen cross-over test was also conducted by 
switching O2 to N2 while maintaining other test conditions the same, a Gamry 
Reference 3000 potentiostat was used to drive the cell voltage from 0 to 0.8 V at 2 
mV/sec rate, the limiting current above 0.4 V was used as hydrogen cross-over current. 
 Cyclic voltammetry was conducted after cell performance testing. The cell was 
held at 35º C, humidified hydrogen and nitrogen (DP = 35º C, 300 sccm) were used 
for the reference and working electrode, respectively.  A Gamry Reference 3000 
potentiostat was used for the voltammetry scan with a scan rate 100mV/sec from 0 to 1.2 
V; repeated scans (over 20 cycles) were conducted and the last scan was recorded and 
reported.  The platinum loading of MEA was measured using X-Ray fluorescence (XRF) 
spectrometry (Fischer XDAL) under an absolute mode (without the need of 
calibration standard).  For each MEA, the absolute Pt concentration (mg/cm
2
) was 
measured at 16 points on the active area of the MEA.  Since the Pt loading measured 
by XRF include both the anode and cathode side contribution. The average value of the 
16 measurements divided by 2 was reported as the loading for each side the MEA. 
 
2.4. Results and Discussion 
 
2.4.1. MEA Performance 
 The polarization curves of an MEA with Nafion
® 




DuPont, 50-microns thick, EW=1100) are shown in Figure 2.3; the corresponding 
IR-free polarization curves are shown in Figure 2.4.  With hydrogen (Stoich = 3) and 
air (Stoich = 4) as reactants, without back pressure, the cell outputs over 1050 
mA/cm
2 
at 0.6 V; at 0.5 V, the cell outputs over 1500 mA/cm
2
; a peak power density of 
839 mV/cm
2 
occurs at 0.4 V. When using hydrogen (Stoich = 1.5) and oxygen (Stoich = 
2.0) as reactants, the cell outputs 2000 mA/cm
2 
at 0.6V, and about 2750 mA/cm
2 
at 0.5V; 
a peak power density of 1400 mW/cm
2 
occurs at 0.5 V.  Back pressurization of 
hydrogen and oxygen (200 kPa absolute) further improve cell performance. 
 Slight hysteresis was observed when the voltage is scanned from low level back 
to OCV, as shown in Figure 2.3.  It was noticed that the returning portion of the I-V 
curve (cell voltage going from low to high) is located below the downward-scanning 
curve at high current density.  The hysteresis of the corresponding IR-corrected I-V 
curves is much less pronounced, as shown in Figure 2.4.  This indicates that the increased 
cell ohmic resistance after operation at high current density was likely responsible for the 
observed hysteresis in I-V curve. 
 Limiting current behavior was not observed even at very high current density. The 
slight downward bending trend of the I-V curve disappears after IR-correction. This 
indicates superb mass transport properties of the catalyst layer produced by the ultrasonic 
spray process.  The electrode thickness was measured about ~10 μm on average.  As 
such, with a thinner or a more conductive membrane, the cell performance can be further 







Figure 2.3  I-V performance curves of a 25 cm
2 
MEA tested at different conditions; 




Figure 2.4  IR-free I-V performance curve tested at different conditions; 
H2-Air, H2-O2 at ambient pressure and H2-O2 with 200 kPa pressure 
 
2.4.2. Short-Term Stability Test 
 Constant voltage hold tests were conducted to check the cell operational stability 




















H2-Air A3.0-C4.0 no b.p.




















H2-Air A3.0-C4.0 no b.p.





air and oxygen.  The cell current density and the total ohmic resistance were recorded 
during the tests.  The ohmic resistance was measured by a current interruption technique, 
a feature provided by the Scribner Associate 840 electronic load.  At low current density 
(< 400 mA/cm
2
), the current interruption technique is not reliable; hence the ohmic 
resistance for low current density was not reported. 
 The operational characteristic of the cell is not only related to the electrode layer 
but also affected by the nature of gas diffusion media, the electrolyte membrane, the flow 
pattern, the gas flow rates and humidification, cell operation temperature and pressure, 
cell cooling and heating mechanisms, etc.  With the cell configuration and operation 
mode we used, the MEA was found to operate fairly stable at medium to low current 
density, as shown in  
Figure 2.5 and  
Figure 2.6.  With the step-change of cell voltage, cell currents and ohmic resistance 
rapidly change and then stabilize.  Since our single cell test fixture is not actively cooled; 
noticeable cell heating was observed at higher current.  The rise of ohmic resistance is 
likely due to dehydration of the membrane.  A better understanding of the asymmetric 
transient hydration behavior is depicted in poster presented in Appendix B.  This is 
exemplified when the cell is operating at 0.4V using hydrogen and oxygen.  At this 
condition, the cell outputs about 2500 mA/cm
2
.  At such a high current density, the cell 
temperature rises continuously. Membrane resistance is observed to rise with the cell 
temperature, and the accumulation of product water in the electrode and in the GDL at 
high current may also limit the reactant access to the electrode; as a result, the current 







Figure 2.5  Cell current density and the area specific resistance (3/4) 





Figure 2.6  Cell current density and the area specific resistance (1.5/2) 





2.4.3. Platinum Yield, Activity, and Utilization 
 The XRF analysis indicated Pt loading of 0.479 mg/cm
2 
(σ ± 0.056 mg/cm
2
) 
by averaging 16 readings at different spots on the active area of the MEA.  Based on the 
ink formulation, the platinum yield (percentage platinum transferred from the ink to 
the MEA) was found to be 89.4 %.  This is a fairly high yield in a small-batch (3 
MEAs) production considering the unavoidable losses of ink in the glass vials and 
plastic tubing during ink dispersion and transfer processes.  Over-spray during ink 
deposition is also more prevalent with small geometric electrode areas.  The soft 
spraying plume formed by the  ultrasonic atomizer can greatly reduce the loss of ink 
by splashing and splattering from ricochet.  Much lower Pt yield is typically observed 
when using an air-brush to spray ink onto the membrane, conversely.  The cyclic 
voltammogram in  
Figure 2.7 was analyzed to characterize the electrochemical surface area (ECSA) of 
the MEA.  No significant change of cyclic voltammogram was observed during 20 
potential cycles from 0 to 1.2 V at 100 mV/sec scan rate.  After integration and 
baseline correction, the charge densities of the H- desorption and H- adsorption area was 




, respectively. This translates to an ECSA of 
33~34 m
2
/g Pt. This represents the total surface area of platinum accessible to proton 
and electron. 
 The mass activity of the platinum catalyst was estimated to be 39 mA/mgPt using 
the hydrogen cross-over (~3 mA/ cm
2
) corrected current in the kinetic controlled region 
(~900 mV) of the IR-free curve.  Based on the ECSA, the specific activity was estimated 
to be 243 µA/cm
2




reported for carbon supported platinum catalysts [
170
].  While the measured ECA is 
relatively low as compared to typical values (60 to 90 m
2
/g Pt) reported in literature, 
the good performance of the cell indicated exceptional productivity of the active sites in 
the electrode as well as low mass transport resistance.  These results highlight the 
application of this ultrasonic spray deposition method for creating successful membrane 









 In summary, we have successfully developed a fabrication procedure of 
membrane electrode assemblies by using an ultrasonic atomization and spraying 




membrane. The MEAs fabricated showed high performance and good stability. The Pt 
yield from the ultrasonic spraying process was found to be almost 90%, even in small-
batch production.  Performance from cell polarization revealed a high specific activity 
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Chapter 3. Ultrasonic Spray Deposition of Unsupported Platinum 





 Proton exchange membrane (PEM) fuel cell systems were originally developed to 
enable NASA space exploration programs. The power producing element of a fuel cell 
system is the membrane electrode assembly (MEA). A process was developed to prepare 
MEAs for polymer electrolyte fuel cells using a direct ultrasonic spray deposition of 
platinum black catalyst suspensions. The ultrasonic spray head with frequency of 60 kHz 
is utilized for coating a thin and uniform electrode layer on the substrate. These 
electrodes are designed to run at high efficiency conditions when operated under 
pressurized H2 and O2 in order to meet NASA fuel cell system efficiency goal, current 
density of 200 mA/cm
2
 with potential > 900 mV.  For the electrode deposition, catalysts 
were suspended in a mixture of water and isopropanol solvents and an ink formulation 
was optimized. An improvement in the conductivity between the ion pathways can be 
realized by this direct deposition method on to the polymer. As a result, this electrode 




3.2. Introduction and Background 
 
 The goal of this work is to contribute to the operational goals outlined by NASA for 
a high efficiency PEM fuel cell. The design of the nanostructured noble platinum (Pt) 
catalyst in the cathode to optimize the oxygen reduction reaction is a goal of this work. A 
new construction method employing an ultrasonic sprayer was used to achieve the 
performance set as a NASA operating target. A composite electrode layer deposited 
directly on to the polymer membrane has been the key to achieving high efficiency 
operation. This is especially critical for this application because utilizing these fuel cells 
in space requires the maximum fuel utilization. Fuel storage is the main barrier in terms 
of mass and volume required.  Therefore, the cost related to the development of the MEA 
should ensure that it has the best possible performance which can be maintained over the 
life of operation. Pt black was chosen as the catalyst for this application because it offers 
excellent combination of performance and durability. The progress and development in 
the research used to successfully complete this challenge is outlined in this report. 
 The main objective of this project has been to design an electrode for a PEM fuel 
cell which could run constantly at low current density with the maximum potential to 
give the greatest power density in this high efficiency region of polarization where the 
fuel losses are minimal. This is the most efficient region of operation for the fuel cell 
because the reaction kinetics are governed by current exchange density of available 
catalyst sites and fuel utilization is greater when other overpotential losses are minimized 
[
170
]. Minimizing wasted fuel, reduces the system requirements related fuel storage 




as other related technologies. This project is part of the Electrochemical Technologies 
Group in Power and Sensor Systems at the Jet Propulsion Laboratory (JPL) and adds a new 
versatile capability to their group. A NASA goal was achieved in this project by 
surpassing the targeted performance above 900 mV at 200 mA/cm
2
 in a hydrogen (H2) 
and oxygen (O2) fuel cell as outlined in the experimental methods section.  The cathode 
was give special consideration for maximizing the Pt black catalyst performance, 
irrespective of the mass loading in the electrode. 
 Fuel cell systems for space operation are required to have low mass and volume so 
the fuel storage capacity is major limiting constraint from that regard.   Therefore, the fuel 
cell should have the highest voltage efficiency possible [
171, 172
].  This requires the use of 
high loading content of nanostructured catalysts in electrode.  The cost of the catalyst is 
not a concern for this project unlike most terrestrial applications. Although, alloyed Pt 
catalysts can exhibit better short-term catalytic activity, adding less-noble elements makes 
them more prone to corrosion reactions [
173, 174
].  The durability of the MEA is key to a 
long life of operation and cannot be compromised. A commercially available and stable 
Pt black catalyst was used for this study that focused primarily on the deposition strategy 
for the electrode design.   
 The ultrasonic spray technique can deposit a homogeneous layer of solid particles 
on a surface which have been delivered in solution to the nozzle head.  This equipment 
can be purchased from an industrial vendor and used for many deposition applications. 
However, the research and development for this technique in the construction of fuel cell 
electrodes is a new and promising advancement. The frequency of the ultrasonic spray 









solution density, and f (MHz) is the ultrasonic frequency [
167
].  At this high catalyst 
loading condition, the frequency had minimal effect on the electrode performance and 
did not cause significant variation in performance as evidenced by results in Appendix 
C.  The droplets are then carried down to the substrate by pressurized gas in a plume 
formation. Many variables are considered including the flow rate, amplitude, head speed 
and position, gas pressure, substrate temperature, and more. The chemistry of the catalyst 
suspension and mixture with the other electrode ingredients including the ionomer is 
referred to as the ink and its preparation is also a science which is also critical to the result 
of the spray coating. 
 (1)                 [
   






 The preparation of the catalyst in the ink has been another area of the 
development important area of progress in this project.  The electrode ink is made from a 
suspension of platinum catalysts and ionomer.  Heavy platinum catalysts have a high 
mass density and can be difficult to keep in suspension.  The ionomer is dispersed best in 
isopropanol and low molecular weight alcohols.  However, Pt black cannot be suspended 
in alcohols directly because strong surface interactions in this solvent cause significant 
agglomeration and there is also a high probability of burning during solvent evaporation.  
Water prevents burning, and it is also better for inhibiting nanoparticle surface 
interactions when suspending the Pt black.  The nanostructured Pt powder must be mixed 
with the ionomer in solution, but has the propensity to agglomerate and precipitate 




agglomeration and improve dispersion quality is through addition of oxidized carbon 
nanotubes into the ink as demonstrated in Appendix D.  They are first mixed with the 
ionomer in water and alcohol before being added to the Pt black suspension.  It is 
proposed that protons in polar sulfonic acid groups in the electrolyte are complexed by 
hydroxyl groups on CNT that expose only the hydrophobic backbone which has less 
interaction with the catalyst surface and prevents entanglement [
175
].  Carbon could not be 
added to NASA electrodes though due to durability concerns.  A strategy to control the 
preliminary ultrasonic mixing step under water controls the fast interaction between the 
ionomer and platinum.  Isopropanol is not added until the final step when mixed in fixed 
proportion with water.  Alcohol promotes the dissolution and strong interfacial contact 
between the PEM and the ionomer fused into the electrode layer during spray deposition. 
The mass transport to active surfaces is improved through minimizing the thickness of 
ionomer coverage on catalysts in the electrode.  As a benefit, the resistance between the 
composite layers in MEA can be reduced.  This is especially important for lowering the 
ionic resistance which dominates the cell resistance. 
 
3.3. Experimental Procedures 
 
 A Prism 400 ultrasonic sprayer (USI) was used for this project with a spray head 
operated at 60 kHz. The ink was injected to the spray head by a syringe pump at 0.2 
mL/min. The spray nozzle was adjusted 2.5 cm above the substrate and moved at 1 
cm/sec in a raster pattern to form a spray line width of 0.25 cm until the total volume of 






The substrate was heated up to 90 °C to evaporate the solvents out of the PEM used, 
Nafion
®
 NRE-212. This material has some of the most desirable properties for the fuel 
cell operation.  The sprayed MEA was pressed under 250 N/cm
2
 at 135 °C for 5 minutes.  
The MEAs were then soaked in 85 °C water and dried before cell build. 
 All fuel cell tests were conducted at the same conditions with same hardware and 
test station (Fuel Cell Technologies).  The 25 cm
2
 hardware had a single serpentine flow 
plate for the anode and a triple serpentine flow plate for the cathode.  The cell was 
torqued at 9 N·m with 0.25 mm polytetrafluoroethylene gaskets and 10 BC (SGL) gas 
diffusion layers.  The cell was heated to 70 °C and operated with H2 and O2 under 
absolute pressures of 1.5 or 3 atmospheres.  Minimum flow rates of 100 mL/min were 
enforced as well as a reactant stoichiometric flow of 3 for both gases.  Cell break-in was 
performed before all polarizations were collected in a cathodic sweep from 0 to 30 amps. 
 The preparation of catalyst ink was found to be critically important in the 
development in the successful spray deposition of a high performance electrode. The Pt 
black powder, Hi-Spec® 1000 (Johnson-Matthey), has a surface area of 27 m
2
/g and the 
ionomer used was a 5% Nafion® solution, DE-521. The two ingredients were initially 
mixed separately in water. Two mass ratios of 1:10 and 2:10 of the Pt content were used. 
The Pt catalyst in water was slowly added to the ionomer by injection under constant 
stirring. The stirred mixture was then either introduced to SpeedMixer™ at 3000 rpm or 
dispersed under a 450 W Branson ultrasonic horn disruptor with fixed 20 kHz on pulsed 
medium amplitude setting for 5 minutes. During or following this step, isopropanol was 
added to the suspension to form either a 10% or 50% equivalent volume fraction with 




transfer yield, preventing spray congestion and particle agglomeration, as well as an 
improved ionomer distribution in the electrode. 
 
3.4. Results and Discussion 
 
 Four successful MEAs were fabricated with the experimental method using the 
ultrasonic sprayer from Figure 3.1 and a representative sample is shown in Figure 3.2.  
Figure 3.1 is provided below to highlight the differences in ink preparation and the 
processing methods for preparing each MEA that was tested for performance. 
 
1.          2. a)   b)  
 
Figure 3.1  The ultrasonic spray head is shown above the heated polymer electrolyte 
 
Figure 3.2 a) A catalyst coated membrane electrode assembly and b) is a field emission SEM 
image of the cathode structure with ionomer infused 
 
 
Table 3.1 The summary of MEA preparation variables matrix 
 
MEA H2O : IPA Mixing Nafion : Pt 
1 10:90 speed mixer 2:10 
2 50:50 speed mixer 2:10 
3 50:50 ultrasonic horn 2:10 






 The last MEA prepared by method 4 showed the best performance after adjusting 
the spray deposition procedure.  Mixing under water before Nafion addition minimizes 
agglomeration and maximizes the added ionomer content.  Thus, less ionomer was 
needed for binder.  These electrodes did not require the use of PTFE for its water 
transport properties.  The performance was the best on record for Pt black catalysts ever 
recorded in the Jet Propulsion Laboratory (JPL) at Caltech.  The differences for the 
polarization between MEAs 1-4 at 1.5 and 3 atmospheres are shown in Figure 3.3.  The 
previous best performance from a conventional spray method at JPL is shown for relative 
comparison purpose in Figure 3.4. 
 











Figure 3.4  Relative comparison of the best MEA #4 to the best JPL performance 
 
 Advancements in the MEA development were made in each step from MEA #1-4.  




increased the metal distribution in the suspension and within the ionomer.  It is suspected 
that this resulted in a higher open circuit potential, but lower mass transport at high 
current due to over coverage of platinum surfaces with ionomer.  The second variable 
used the same ink formulation, but added the ultrasonic mixing step which seemed to 
vastly improve the nanoparticle suspension in the ink.  This was evidenced by decreased 
solid separation and improved transfer yield into a fine and homogeneous electrode on 
the polymer. Ultrasonic mixing had the single greatest contribution to the MEA 
performance over the speed mixer which combines rotational forces on different planes 
for fast mixing as seen in Figure 3.5 a and b.  The polarization curve shows an increase of 
more than 50 mV at the 200 mA/cm
2
 current density at 3 atm condition.  The third step 
decreased the Nafion:Pt content from 2:10 to 1:10.  This resulted in the highest measured 
value for MEA #4 which produced 200 mA/cm
2
 well above 0.92 V, exceeding the NASA 
target performance.  This polarization may very well be the highest ever recorded at this 
condition which is considered ideal for space operation.  This equates to a voltage 
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 An ultrasonic spray deposition technique was optimized to produce MEAs for 
PEM fuel cells that meet critical NASA performance targets.  Voltage efficiency of at 
least 72% was sought for performance under H2 and O2 at 3 stoichiometric flow, 3 
atmosphere (absolute), and 70 °C operated at 0.2 A/cm
2
 current density setting.  
Processing strategies from the suspension of commercial catalyst mixed with ionomer in 
solvents under ultrasonic agitation led to the best spray deposited electrode which had a 
voltage efficiency > 75% or 0.924 VCell during a cathodic polarization sweep at this 
condition.  Electrode spraying on to the polymer by this highly automated and controlled 
process can improve the interfacial contact between the composite layers in the MEA.  
The direct deposition of Pt black catalyst on the PEM results in high performances that 
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Chapter 4. Doped Strontium Titanate Catalyst Supports for Platinum 





 Strontium titanate catalyst supports were tested for efficacy as catalyst supports 
for platinum in the cathode of PEMFC cathodes.  A literature review on conductivity 
preempted the case study on synthesis of a high surface area perovskite oxide (ABO3).  
Niobium donor dopant was added to substitute for titanium in the B-site of the oxide for 
added conductivity.  A ceramic processing procedure was applied to prepare supports in 
the laboratory that were characterized and measured for stability and resistance.  
Platinum deposition by polyol reduction offered a composite electrocatalyst.  Powders 
were mixed into an ink with carbon nanotubes and formed into an electrode by ultrasonic 
spray process.  A cathode was tested for performance and durability.  Accelerated stress 
tests provide a valuable insight into the mechanism of degradation that will be valuable in 





4.2. Introduction and Background 
 
 A preliminary case study was conducted on strontium titanate with donor doped 
substitution of the B-site by niobium (SrTi0.9Nb0.1O3-x) in perovskite (ABO3) oxide 
structure as a catalyst support.  Some metal oxide materials could be considered a 
possible alternative because they offer several advantages to carbon.  They are used in 
many catalyst support applications, but are often not considered for fuel cell 
electrocatalysts because of the electronic conductivity obligation.  Introducing dopants 
into the ceramic crystal structure is an effective way to create defect concentrations 
which can render the effective charge carrier concentration.  This conductivity is found to 
be a function of the oxygen partial pressure at high temperatures.  Defects can be locked 
in during quenching at these conditions to provide for some conductivity at low 
temperatures.  The idea is to use metal oxide alternatives which show phase stability in 
the electrolyte environment of the fuel cell and also can serve as a conductive phase even 
though charge carriers don’t have same mobility at typical operating temperatures. 
 The strontium titanate cubic perovskite has the potential to exhibit high electronic 
conductivity when donor atoms of higher oxidation state are substituted or doped into the 
A or B-sites of the ABO3 coordination.  Several reports have indicated that doping 
strontium titanate with donor niobium (V) on the titanium (IV) B-site in the perovskite 
can even induce an insulator to metal transition in the material by promoting electrons at 
defect states into conduction band.  It is considered n-type conductivity when shallow Nb 
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 When this is synthesized at low oxygen pressure, the positive niobium and 
oxygen vacancies formed via reaction 2 become charge balanced by excess electrons.  
These electrons are localized around the positive defect centers.  It is reported that the 
conductivity can be several orders of magnitude higher than that of rutile titania in low 
oxygen pressures, P(O2).  In this case, the conductivity is formed by quenching defects in 
the structure.   It can be evidenced in the work, that p-type conductor which is typically 
prepared in higher P(O2) may be more suitable for future approaches in the cathode of 
low temperature fuel cells.  Though, a dopant strategy can be employed to effectively 
improve electronic properties of support metal oxides with engineered defects. 
 This section includes reviews of defect chemistry in conductive oxides with 
detailed discussion on strontium titanate. Alternatives to traditional catalyst support 
materials in fuel cells are needed to lower their cost and improve the operative lifetime.  
Strontium titanate is one possible solution that offers unique conduction behavior over a 
range of temperatures and oxygen pressures.  The material is widely used as dielectric in 
insulator and capacitor, but as charge carriers are introduced they can exhibit 
semiconductor and metallic conductivity which can even transition to superconductivity 
at very low temperatures.  Donor-doped strontium titanate introduces mobile electron 
carriers into the structure which are compensated by positive donors and oxygen 
vacancies in the reduced condition.  The electron conductivity which could be 
maintainable at low temperatures in these materials also makes them attractive for many 




electrocatalyst supports. Their use for catalyst supports has primarily been demonstrated 
at high temperature, but the application to low temperature electrodes may offer some 
significant improvements over conventional carbon materials; tolerance to impurities in 
the anode gas stream and resistance to catalyst poisoning, the strong metal-support 
interaction can resist corrosion by Pt dissolution, and the formation of high surface area 
nanostructured platinum crystallites with a preferred epitaxial orientation.  These benefits 
all suggest that a further analysis of donor-doped strontium titanate is a worthy 
investigation. 
 Donor-doped strontium titanate (SrTiO3) ceramics have found application in 
sensors, varistors, grain boundary layer capacitors, and catalysts.  This wide range of 
applications is dependent on the defect chemistry of strontium titanate and customized 
properties by varying the processing parameters.  The crystalline perovskite ABO3 can be 
donor doped on the A or B site to introduce mobile electron carriers into the lattice 




].  A long history of 
research on the material has led to a well-developed understanding of the structure-
property relationships and conduction mechanisms.  It was predicted for the first time that 
a metal oxide, strontium titanate, could exhibit superconductivity at low temperatures 
near helium freezing point and a study of electronic energy bands later predicted this 







The superconductivity transition was soon verified in 1967 and the low electronic 
resistivity at intermediate temperatures was considered “remarkable” [
179
].  An 
understanding of electron energy bands and more recent models developed by density 




into the conduction band [
180-182
].  Many experiments have fine-tuned the processing 
parameters by high temperature calcinations and sintering to reach an optimal 
conductivity in ideal operational ranges.  Much of the application focus and testing has 
been recorded at high temperatures.  For example, it has generated some interest as an 
SOFC anode because of its satisfactory conductivity in reducing environments and added 
benefit of tolerance to catalyst poisoning by reactant impurities [
183
].  Only a few useful 
applications have arisen at room temperature including piezoresistivity and oxygen gas 
sensors.  An attempt to use the material as a low temperature electrode and catalyst 
support is the motivation behind this review and the properties of the material in this 
application will be proposed.  Metallic conductivity has been proven through several 
processing techniques that reveal an ideal performance for this application although very 
few papers have reported the material properties in this condition and nothing has been 
published on this potential possibility.  An attempt to review the relevant literature and a 
proposal for the experimental work on the material is provided. 
 Donor-doped strontium titanate is commercially available at low cost and 
relatively simple to produce, but can offer some advantages to the limitations on carbon 
electrodes.  The primary benefit is the strong metal-support interaction between Pt 
catalysts and titania supports as first described in 1978 by Tauster [
89
].  This effect is 
attributed in part to the intermetallic orbital overlap with Pt nanoparticles providing 
homogeneous distribution and high surface area.  The well bonded material is less likely 
to disassociate, dissolve, and agglomerate.  The strontium titanate supports also have 
proven some benefit in catalysis which increase tolerance and reduce poisoning 




supported on strontium titanate showed the highest coking tolerance of any perovskite 
[
184
].  The reduced metal donates an electron to the interface with platinum to form the 
strong-metal support interaction which can extend the catalyst surface to the support by 
creating a defect rich region that surrounds catalysts with hydroxylated surfaces as seen 
in.  They presented a concept for the improved reactivity in oxidation reactions based 
upon a “spillover effect” of adsorbed hydrogen and carbon monoxide.  Based on ab initio 
calculations and density functional theory, this model reflects adsorption energies on the 
surface of titania supported platinum.  Titania can suppress Pt chemisorptive bonds 
impurities like CO to enhance oxidation reactions on the catalyst surfaces.  This however 








 Since an article was published in 2002 detailing some advantages of doped titania 
as a conductive electrode for electrolyzer and fuel cell applications, many recent efforts 
have also sought the utilization of this catalyst support [
82




especially in the past 3 years, several prominent groups have explored the use of oxide 
catalyst supports in low temperature fuel cells including the use of conductive niobium-
doped titania [
115
].  A chemical engineering group at USC showed promising 
performance of a titania supported catalyst which held significant improvements in 
corrosion resistance over conventional carbon, but their performance was still limited by 
low electronic conduction and low surface area [
117
].  To circumvent the problem, a high 
Pt mass ratio was used to cover surfaces of the oxide support while conductive fillers 
were also added into the electrode in some cases.  These titania supports have already 
been oxidized to some extent and thus can resist further corrosion.  No publications could 
be found on the use of conductive perovskite oxides for this application even though they 
could possibly lead to much better electronic conductivity.  
 Oxide supported catalysts have been explored for their benefits in heterogeneous 
catalysis and photocatalytic reactions, although these reactions do not necessarily rely on 
high electronic conductivity.  As a result, most of the publications have been focused on 
insulator or semi-conducting strontium titanate.  Many significant advances have been 
made in the deposition of catalysts on titania supports for these applications while 
developing models for their strong interaction.  As recent as March 2011, an intriguing 
paper discussed the effective distribution of ~ 2 nm Pt catalysts on high surface area 
strontium titanate nanocuboids.  The paper by Enterkin et al. showed the favorable 
formation of oriented Pt (100) surfaces as shown in Figure 4.2 [
186
].  The Pt (100) family 
of planes has the highest measured catalytic activity for the oxygen reduction reaction in 
acidic environment [
187
].  Epitaxial orientation also piqued interest in possible application 




for PEMFC applications.  In this case, the Pt lattice can also be strained by small changes 








 Strontium titanate maintains a cubic perovskite phase from about 110 K up to its 
melting temperature [
177
].  This ABO3 configuration is comprised of the larger Sr
2+
 on the 
A-site at the center of the cube and the smaller Ti
4+
 on the B-site at the corner positions.  
Six oxygen ions O
2-
 are located at the cube edge centers thus forming TiO6 octahedral 
units as shown in Figure 4.3 below.  A near 1:1 stoichiometric ratio of A:B is required to 
maintain phase uniformity.  The ferroelectric or magnetic property associated with the 
tetragonal phase is formed below the Curie temperature ~110 K, but will not be discussed 
in detail because the equilibrium at higher temperature involves only the perovskite 
structure.  The un-doped crystal is an intrinsic wide-band gap insulator with Eg ≈ 3.2 eV, 
but when reduced, it can become an n-type semiconductor [
188
].  Large STO single 
crystals have been used for insulators and capacitors because of its high dielectric 
constant [
177
].  Introduction of oxygen vacancies and donor substitutions are compensated 
by free electrons and change its conductivity behavior drastically as evidenced by Chan 
and Smyth [
189
].  Polycrystalline materials have also been created that can change 




discrepancies in early publications.  The evolution of material understanding began in the 
1960’s and rapidly developed after the superconductivity of the material below 0.35 °K 
was demonstrated for the first time in a metal oxide [
179
]. 
 An interesting progression from the theoretical predictions to real experimental 
results ensued.  A theoretical examination of the energy bands by linear combination of 
atomic orbitals (LCAO) method was proposed by Kahn in 1964 [
98
].  In the same year at 
the National Bureau of Standards, experimental evidence showed that ferroelectric 
relationship and the phase transition temperature to tetragonal [
177
].  The prediction of 
energy bands and high electron mobility at low temperature was verified.  Compared to 
the rutile crystal structure, the cubic perovskite showed lower electronic resistance due to 
lower phonon drag.  A couple years later, the piezoresistance and the effect of increased 
carrier concentration n, was achieved by donor dopants like niobium [
178, 190, 191
].  The 
mechanism for this effect was related to ionized impurity scattering a low temperatures 
<10 °K, but the high electrical conductivity at the intermediate temperature ranges could 
not be explained by conventional theory and was thought to be a collision (ballistic) 
process contributing to electron scattering [
83
].  The Hall mobility, Seebeck coefficient, 
and resistivity were experimentally measured at low temperatures as well as the presence 
of several electron acceptor levels by optical absorption, but the understanding for the 
behavior would not come about until later [
188, 192
].  Advanced analytical techniques and 
evolution of DFT models would show the insulator to metal transition resulting from the 







Figure 4.3  SrTiO3 cubic perovskite crystal structure with lattice parameters 
a = 0.3905 nm, and ionic radii Ti
4+
 = 0.061 nm, and Sr
2+
 = 0.144 nm 
 
 Extrinsic defects such as aliovalent ions are often intentionally introduced as point 
defects (dopants).  Donor dopants introduce cation substitutions on A or B sites with 
elements in higher oxidation state.  The most important criterion for a possible 
substitution of A or B site ions by dopants is a comparable ionic radius of the dopant to 
maintain solubility.  In the case of donor doped strontium titanate, a +3 cation on the Sr
2+
 
and a +5 cation on the Ti
4+




 are used 
because their ionic radii, electronegativity, atomic size, and valence are most similar in 
accordance with the Hume-Rothery rules.  The ionic radius of La
3+
 with coordination 
number of 12 is 0.136 nm and that of Nb
5+
 with coordination of 6 is 0.064 nm according 
the CRC Handbook for Chemistry and Physics.  For this reason, these cations offer the 
best donor dopant solubility and are consequently the most comprehensively studied.  
However, other dopants have been investigated like dysprosium and gallium on the A-
site; vanadium, tantalum, antimony, scandium and molybdenum on the B-site. 
 Donor dopants can be effectively substituted into the structure if their solubility is 




shown that doping does result in single phase material as seen in Figure 4.4.  The 
distortion of the crystal lattice however may change with doping and defect 
concentration.  It is generally predicted and observed that donor dopants increase the 





].  The effect has been measured for many dopants and typically 
follows a linear relation with the dopant concentration.  This correlation is plotted for 

















 The defect chemistry is related to Schottky type since interstitials are not 
favorable in the perovskite structure so the cation substitutions result in positively 
charged extrinsic defects [
193
].  Because of the overall charge neutrality condition in a 
crystal, the formation of charged defects is accompanied by the formation of oppositely 
charged defects.  These processes can be considered in terms of defect-chemical reactions 
and must obey mass, site and charge balance.  Defect concentrations are coupled via laws 
of mass action.  The conduction band is made up of reducible Ti
3+
 3d states and lies just 
above the valence band [
182
].  Therefore, the compensation of donor defects can be 
compensated by electrons in the conduction band. 
 A simple understanding of electronic conduction has not been easy to elucidate 
and many groups have attempted its explanation.  The introduction of shallow donor 
dopants shifts the position of the Fermi energy level about 0.25 eV from below the 
conduction band gap around 3.3 eV [
195
].  The addition of Nb
5+
, although reducible, was 
not observed to change oxidation state, but did enhance overlap of Ti 3d orbitals 
evidenced by X-ray absorption of near edge structures and these states of electronic 
compensation could become partially “frozen” in [
196
].  Electron doping of intrinsic 
crystals are not just simple 3d metal states, but hybridized Ti 3d and O 2p orbitals as 
found by angle-resolved photoemission spectroscopy [
197
].  The doping effect could not 
be described well within the rigid-band model, even at low doping concentrations [
198
].  




 The modeling efforts and analytical investigations have correlated with the 




of the defect chemistry was attempted by Chan, Sharma, and Smyth [
189
].  This material 
and its properties, however, are notably one of the most difficult to understand [
97
].  The 
effect of defect concentration on conductivity has remained one of the most direct 
measurements.  Although, it is speculated that some authors may have found different 
results based on processing procedures and the effect on grain size, grain boundaries, and 
separation of phases  [
200, 201
].  The diffusion and segregation of phases evidenced at high 
temperatures does not change the fundamental chemistry of the doped perovskite [
202
].  
Specifically, it was observed that Sr cations which compensate at intermediate P(O2) 
range can form SrO surface moieties [
180, 189, 202-205
].  Precisely controlling the Sr/Ti ratio 
to less than 1 could be used to avoid this effect in Nb-doped strontium titanate [
206
].  The 
conversion of insulating to metallic type strontium titanate was reported by several 
groups, but the equilibrium defect chemistry was best explained by Moos and Hardtl at 
high temperatures and described below. 
 The electrical conductivity is in direct relation to the defect concentration.  The 
equilibrium defect concentration varies with environment conditions.  Specifically, 
increases in temperature and pressure of oxygen return the donor-doped perovskite to its 
equilibrium configuration without vacancies or atomic substitutions.  However, these 
defects can be energetically favorable under specific circumstance.  When the material is 
synthesized, reducing conditions and low oxygen partial pressure create the greatest 
number of defects and compensating electrons in the structure [
97
].  A goal of this work is 
to understand the formation of donor substitutions and vacancies in the structure.  These 
defects will be expressed in terms of Kröger-Vink notations and diagrams for the 




 Because the reducing conditions are most relevant to the formation and operation 
of the conductive material in this instance, it will be discussed first and in the most detail.  
The relation to oxygen pressure is very critical and is the independent variable of the 
Kröger-Vink diagram.  Several regions are observed in the diagram which relate to the 
ionic and electronic compensation for A and B site doping from Regime I-III pertaining 
to O2 pressure low to high. 
 
By doping the A site with La, 
(3)      
     
→          




      
  
The equilibrium reaction for oxygen at low pressures is: 
(4)   
 ⇌   
        
 
 
   
The mass action law follows this expression for the equilibrium constant K for electrons 
(5) 
   
        
       
    where [O2] = Partial pressure of O2 or P(O2) 
At low P(O2), where e
-
 compensates for the oxygen vacancies [n] ≈ 2   




                 
 
 
  therefore, 
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At intermediate P(O2), where [n] compensates for [LaSr
·
], the    
    becomes negligible 
[
207
].  Electron carrier concentration depends on donor content which does not vary with 
P(O2). 
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Since KI = np, the intrinsic equilibrium constant then 
(11)     
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The defect concentrations of electrons, oxygen vacancies, and strontium vacancies were 








The defect chemistry for Nb doped titanium follows a similar relation… 
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The equilibrium reaction for oxygen at low pressures is: 
(14)    
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The mass action law follows this expression for the equilibrium constant K for electrons 
(15)  
   
        
       
    where [O2] = Partial pressure of O2 or P(O2) 
At low P(O2), where e
-
 compensates for the oxygen vacancies [n] ≈ 2   




                 
 
 
  therefore, 
(17)          
 
       
     
At intermediate P(O2), where [n] compensates for [LaSr
·
], the    
    becomes negligible 
[
207
].  The electron concentration depends on the donor content which does not vary with 
P(O2). 
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Since KI = np, the intrinsic equilibrium constant then 
(21)     
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The ionic compensation at high P(O2) infers that hole conduction does not account for 
any electronic conductivity, and the strontium titanate material is an n-type conductor or 
semiconductor. 
 As mentioned, the conductivity of this material varies depending on the defect 
concentrations.  The equilibrium defect concentrations can be frozen in during quenching 
from high temperature calcinations of the material.  The kinetics of the re-oxidation will 
be discussed at the end of this section, but are relatively slow at low temperatures because 
of limited oxygen diffusion.  The main contribution to conductivity in donor-doped 
strontium titanate is electron carriers.  As electron compensation and carrier 
concentration increase, strontium titanate transitions from an insulator → semi-conductor 
→ metallic conductor.  The Fermi energy level is shifted closer to the conduction band 
and eventually overlaps when behaving as a metal [
182
]. 
 Many reports on optimizing conductivity have focused on high temperature 
conduction because of the broad number of applications in this operational range 
including SOFC anodes.  This mixed electronic and oxide conductivity is useful in solid 
oxide fuel cells although they were made into composite assemblies with yttria-stabilized 
zirconia electrolyte to improve oxygen ion conduction [
183
].  However, the low 
temperature electrical conductivity is even greater in correlation with the metallic type 
behavior of strontium titanate.  Experimental conditions over a range of temperatures and 











 The electronic conductivity is highest for the Nb-doped strontium titanate, 
followed by La-doped according to quantum calculations on the conductance channel 
[
182
.  However, improvements in conductivity have also been shown for other donor 
dopants including dysprosium and gallium on the A-site, vanadium and tantalum on the 
B-site.  These elements have similar valence and ionic radii, but Nb and La are the closest 
electron configurations and nearest neighbors in the periodic table with higher oxidation 
states.  Some of the highest reported conductivities are a result of specialized processing 
techniques.  The pulsed laser deposition or laser beam epitaxial growth for Nb-doped 




].  Other 
groups have shown high conductivity that resulted from optimizing traditional ceramic 





].  They determined that undesired low conducting grain boundaries 




°C.  The carrier concentrations were considered frozen in below 400 °C and the measured 






].  There have been only limited 
reports of the material conductivity in standard temperatures and pressure, but 
commercially available samples from Shinkosha Co. Ltd. were measured at 10 S/cm.  
Other commercially available samples may also be purchased from National Lead Co., 
Commercial Crystal, Single Crystal Technology, amongst others.  Although, producing 
highly tailored nanocuboids and other structures with high surface area likely requires 








 The effect of grain boundaries was not always unavoidable and was more 
pronounced in porous sample geometries [
196, 211
].  In fact, relying on the surface 




area.  Stable samples for SOFC anodes with ~30 % porosity were calcined in air then 
reduced and had conductivity of 55 S/cm in the targeted operating temperature range at 
650 °C [
212
].  The samples with higher density that were co-doped with Nb and Dy had 
some of the best conductivity for conventional solid-state reaction preparations and 
followed a temperature dependent relationship of T
-1.5
 above 200 °C as seen in Figure 
4.9.  A modified glycine-nitrate combustion preparation process which produces fine 
grain sizes ~100 nm and phase uniformity of Nb-doped strontium titanate may hold 
promise for the electrode preparation.  These samples used 10% niobium substituted for 
titanium have the highest conductivity in the range targeted for PEMFC operation as 
shown in.  Atomic modeling predicts a maximum in conductivity with 12.5% Nb doping 
according to the linear muffin tin orbital method with atomic sphere approximation [
198
].  
At lower temperatures above 100 °C samples co-doped with La and Ga, showed fast 
reduction and a conductivity of about 170 S/cm for 60-70% volume density [
176
].  A 
novel liquid film migration technique determined that the reduction kinetics for Nb-
doped samples could be quantified by determination of the chemical diffusion coefficient 
Dchem = 4.6 x 10
4




].  The re-oxidation kinetics of the 
material are slower for the doped sample than the purely reduced strontium titanate, 
however oxidation is not well studied especially at the low temperatures which would be 

















 Many models have been used to predict, confirm, and understand the conduction 
mechanism in the donor-doped strontium titanate.  A brief history was provided and 




been the subject of at least one hundred scholarly journals found by the author and is still 
not simply understood.  The metallic type conductivity predicted by quantum physics 
DFT, has been shown to exist when the Fermi level enters the conduction band [
182
].  A 
number of other electronic properties have been investigated and reported by many 
authors like the Hall mobility, Seebeck coefficient, thermoelectric power, and others 
which won’t be discussed in detail because they don’t directly contribute to the scope of 
this review.  For example, the mobile electron concentration has been shown to be much 
higher than those which contribute directly to conduction as a result of defect complexes 
and oxygen vacancy associations.  The result may lead to single positively charged 
species of VO
·
 after interaction with an electron for compensation below 400 °C [
192
].   
 
However, the electronic conductivity still relies on the following equations; 
(23)            
(24)         | |                                             
At low temperatures after oxygen diffusion into the perovskite and an equilibrium has 
been achieved in the oxygen sub-surface lattice, the electron concentration should be 
approximately [n] ≈ [D
·
].  When dopant concentrations are frozen in during fast cooling, 
the drift mobility of electrons is 
(25)       
    
     
 
Therefore, at low temperatures the constant charge carrier concentration follows results in 
a conductivity behavior which follows the temperature dependence of drift mobility 
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 This data has been proven by experiment to temperatures as low as 600 °C, but 
the trend does not follow to lower temperatures [
214
].  The low temperature conductivity 
stability is not well studied and rarely measured in the 60 – 100 °C operational range of 
PEMFC.  The conductivity at higher temperatures and oxygen pressures decreases 
following the Arrhenius relation of the mobility equation.  The mobility of ions in the 
lattice at low temperatures becomes relatively slow, but their kinetics are not been 
examined in detail.  However, nonbonding electrons added by donor dopants came still 
have some mobility at room temperature. 
 The experiment requires a specific synthesis of a conductive and high surface area 
support material.  Many processing procedures have been detailed in the literature, but 
the structure of the cubic perovskite should first be verified by XRD characterization.  
Referenced procedures can be applied through mixing precursors powders with a pore 
former that undergoes appropriate annealing steps.  The electronic conductivity of the 
material is critical to its success and thus should be quantified before further analysis.  A 
high conductivity may not necessarily translate into an electrode material if does not 
satisfy stability testing.  Determining the durability over exposure time to the real 
operating conditions found at the electrode would also be necessary.  The material is 
expected to maintain its conductive properties in the humidified and acidic electrolyte of 




subjected to higher potentials and oxidizing conditions.  Measuring stability under this 
atmosphere would determine whether it can resist the corrosion reaction which is the part 
of the motivation for this work.  These tests would validate the capability of a catalyst 
support, but the material is hypothesized to offer several advantages over traditional 
carbon black, namely a strong support interaction.  There are several methods to 
characterize the materials through microscopy, surface spectrometry, and 
electrochemistry.  Measuring the kinetics of the oxygen reduction reaction, a rate-limiting 
step in activation, would suggest any benefit from the face-selective support.  Finally, an 
electrocatalyst composite using the donor-doped STO electronic conductor should be 
applied to form a membrane electrode assembly and tested in real fuel cell conditions to 
realize the potential benefits it can offer. 
 A high electronic conductivity for a porous donor-doped strontium titanate seems 
to be an achievable task based on the literature review.  Optimizing the defect chemistry 
and material properties through chemical processing techniques will be the necessary 
steps for demonstration.  Depositing platinum nanocrystalline catalysts can form a strong 
interaction that leads to more active Pt catalyst surface atoms.  An epitaxial catalyst 
arrangement may be able to benefit performance.  However, thorough analysis of the 
material stability in the environment found for the operating range of the PEM fuel cell is 
a concern which needs to be addressed. 
 The goal of this research is to explore use of a metal oxide, strontium titanate, as 
catalyst supports for PEMFC.  Improvements in its conductivity will be attempted by 
doping with niobium.  Studies of the material property and support structure will be 




conductivity formed the cathode catalyst layer of a PEMFC prepared via an ultrasonic 
mixing and spray deposition.  Tests for corrosion resistance through electrochemical 
methods and accelerated degradation in the cell were designed to target the catalyst 
support performance.  This work demonstrates some possible benefits, weaknesses, and 
future concerns of using metal oxide catalyst supports from this case study 
 
4.3. Experimental Procedures 
 
 The SrTi0.9Nb0.1O3-x nanocrystalline ceramic was prepared by a Pechini method 
using starting materials of strontium carbonate (Sigma-Aldrich 99+ %), titanium (IV) 
tetraisopropoxide (Sigma-Aldrich 98+ %), and niobium (V) ethoxide (Acros Organics 
99.5%).  The Nb doped sites theoretically substitute 10% molar concentration of the B-
sites.  A chelation reaction of metal precursors occurs in the sol-gel via mixing of a 
polymeric citric acid (CA) precursor in ethylene glycol (EG) under N2 gas.  The amount 
of solutions used to form the complex was from the molar ratio of 1:10:40 for 
(Ti/Nb:CA:EG) [
215
].  After forming a transparent solution with 3 hours stirring, the 
solution was heated on a hot plate to 300 °C to evaporate EG.  The remaining black mass 
was heated in a furnace at 800 °C for 8 hours.  Resulting white powders were then milled 
before being reduced at 1200 °C in 5% H2/N2 environment for 12 hour and transformed 
into a dark gray powder. 
 Platinum reduction on to the ceramic support was completed through a polyol 
reduction process.  The solids were suspended in ethylene glycol by sonic horn before 




ethylene glycol.  The suspension of STO and Pt precursors was deaerated with nitrogen 
gas and heated to 140 °C for 4 hours while stirring in 3-neck flask to promote nucleation 
and growth.  Then the solids were separated by centrifuge before the material was 
washed and dried.  These electrocatalysts had approximately 40% Pt loading as measured 
by weight. 
 In some cases, ceramic discs were formed for characterization purposes.  When 
forming cylindrical discs, a 3 metric tons/cm
2
 pressure was used for compaction before 
the last high temperature reduction in hydrogen was completed.  The now dense ceramic 
discs were used for measuring the conductivity by a linear sweep voltammetry method.  
A potentiostat (Gamry Reference 300) was used to sweep from ±50 mV at 5 mV/second 
while measuring the current through the disc.  A four electrode arrangement was attached 
with silver mesh and contact paint to minimize interfacial and lead resistance.  
Additionally, the corrosion studies in liquid H2SO4 (pH = 1) electrolyte also utilized these 
discs.  A K0047 corrosion cell from Princeton Applied Research used a saturated calomel 
electrode to measure the response of the STO pellet in a specialized disc holder. 
 Several observations were made via spectroscopic methods.  The grain size for 
the densified pellet was measured by a Leica optical microscope.  The actual catalyst 
loaded powders were visualized by a Hitachi H-8000 TEM.  A field emission scanning 
electron microscope Zeiss Ultra Plus FESEM imaged the composite catalyst layer.  The 
X-ray diffraction pattern was recorded on Bruker with CuKα 1.5418 A
°
 wavelength.  
Absolute Pt concentrations in thin electrode layers were made by X-ray fluorescence on a 
Fischer XDAL spectrometer.  A Thermo-Finnigan Element XR ICP-MS was also used to 




 A catalyst ink composite suspension was created by mixing the Pt/ SrTi0.9Nb0.1O3-
x with some Nafion® ionomer solution and functionalized carbon nanotubes for 
connectivity.  Solids were mixed at a mass ratio of (electrocatalyst:ionomer:CNT) at 
(1:0.432:0.167) dispersed in isopropyl alcohol with aid of an ultrasonic horn (Sonics 
Vibra-Cell 750W) to aid the distribution of the nanoparticles.   A starting mass of 0.24 g 
STO powder was used with about 40% Pt mass fraction.  The ink was sprayed on to a 
Dupont™ NRE-212 polymer substrate heated to 100 °C to make the cathode shown in 
these PEMFC results.  The membrane electrode assembly (MEA) was then hot pressed at 
130 °C for 5 minutes at 300 N/m
2
.  Square 25 cm
2
 cell hardware from Fuel Cell 
Technologies with triple serpentine flow channels was built with SGL 10 BC 
microporous gas diffusion layers.  The cell was conditioned at 0.6 V potential hold for at 
least 3 hours before testing. 
 The performance of the fuel cell was monitored by Scribner 840 fuel cell test 
station or in-house test stand using the same software control.  The hydrogen/oxygen 
were provided in a stoichiometric ratio λ = 1.5/3 for the high performance data, but a 
constant flow rate of 400/800 mL/min in durability testing on the anode/cathode, 
respectively.  The saturator dew points were held at 75/73 °C while cell temperature was 
held at 77 °C corresponding to 92/84 % relative humidity (RH) also.  The cyclic 
voltammetry, cross-over currents, and accelerated support degradation tests were 
conducted with Gamry Reference 3000 potentiostat. 
 The accelerated stress test was borrowed from the Department of Energy (DOE) 
protocol for the corrosion of the catalyst support suggested for automotive testing.  The 




N2 gas streams at 80 °C.  The anode is exposed to hydrogen for reference and the carbon 
oxidation can proceed via a simulated oxidation of the support. 
 
4.4. Results and Discussion 
 
 This study aimed to explore the possibility of using SrTi0.9Nb0.1O3-x as a potential 
catalyst support used in making composite electrodes.  Catalyst supports have a critical 
effect on catalyst performance and durability which is evident in these results.  The 




Figure 4.11  XRD of strontium titanate before and after reduction 
 
 First, preparation of the desired nanostructured perovskite is essential to the 
atomic arrangement that can provide higher conductivity than other phases.  The 




































perovskite can be identified by the lattice diffraction peaks from XRD technique.  It is 
apparent that even after high temperature reduction, the crystal structure is still preserved.  
Average crystallite size can be deduced from an individual peaks using the Scherrer 
equation which estimates an average 36 nm size of STO.  Densified pellets had larger 
grains of about 1-2 micron diameter after annealing.  The conductivity for these pellets 
measured at standard temperature and pressure is about 0.06 S/cm from a linear sweep.  
This is nearly equivalent to proton conductivity in the membrane at full humidification 
and 80 °C, but this value is at least two orders of magnitude lower than carbon black and 
much less than others have reported in the literature for larger crystals at higher 
temperature in low oxygen pressure.  Typically, p-type or electron hole conductors are 
used in the cathodes of solid oxide fuel cells.  It is hypothesized that a p-type conductor 
may also have better conductivity in higher oxygen partial pressures at low temperatures.  









 A modified Pechini method was chosen for its ease of implementation and 
intimate mixing which provided small crystallites with high surface area.  However, 
future attempts could adopt other process such as the hydrothermal one used for creating 
the ideal nanocuboids with [100] surfaces for catalyst epitaxy.  Details seen by TEM in 
Figure 4.13  TEM image of SrTi0.9Nb0.1O3-x with , show agglomerates of nanostructured 




Figure 4.13  TEM image of SrTi0.9Nb0.1O3-x with supported Pt nanocrystals 
 
 The TEM picture shows the final electrocatalyst used in the actual composite 
electrode.  The polyol process used yielded about a 40% Pt mass fraction of solids.  The 
Pt particle size was estimated around 5 nm.  Unfortunately, a high resolution TEM image 





a)  b)  
 
Figure 4.14  FESEM images of STO cathodes at a) low and b) high magnification 
 
 The MEA materials were freeze fractured before imaging the side profile 
morphology of the cathode layer.  Figure 4.14 a) shows about 12 μm thick electrode layer 
and b) represents a higher magnification of the electrocatalyst interaction with the other 
solids in the composite.  A catalyst ink suspension mixed in the ionomer suspension in 
alcohol solvents with an ultrasonic horn (20 kHz) before deposition on to the heated 
polymer substrate with an ultrasonic sprayer (120 kHz).  Additionally, there was a small 
amount of graphitic multi-wall carbon nanotubes (8-15 nm O.D. and 1-5 x 10
4
 nm) mixed 
in the ink as well.  These have several beneficial properties which have a supposed 
contribution to mass transport and electron charge transfer in the layer.  In addition, they 
could also help to stabilize ink suspensions as oxidized CNT can disperse well in polar 
solvents.  CNT help to form electronic pathways between supported catalysts.  Also, they 
are believed to help with water transport by formation of a hydrophobic ionomer skin that 
can help expel water and suggesting they can operate at higher current without lees 
concern for flooding [
216
].  This effect is not the subject of this work, but performance of 







Figure 4.15  Polarization and power density of Pt/SrTi0.9Nb0.1O3-x cathode 
 
 The Pt content for this electrode layer was 0.36 mg Pt/cm
2
 which is similar to 
commercial carbon supported loadings.  Figure 4.15 represents initial cell performance 
and iR-corrected data corrects for purely resistive losses found in the membrane, 
electrode, and interfacial contacts.  The electrode is very well behaved and appeared to 
suffer very minimally from transport losses at this condition.  The Tafel plot in oxygen 
condition showed a slope ~71 mV/decade in the low current density regime.  
Electrochemical active surface area of 18 m
2
/g was integrated from the CV and is 
considered low compared to many commercial carbon catalysts.  This is probably a factor 























































in the low mass activity measured to ~0.02 A/mgPt; although, the specific activity ≈ 106 
μA/cm
2




Figure 4.16  Polarization stability during V hold on Pt/STO electrode 
 
 The polarization performance on air was recorded using fixed flow rates and the 
cell was operated at 80 °C.  Polarization was swept down (cathodic) and then back 
(anodic), to check for performance fluctuations.  The accelerated stress test was 
interrupted every 24 hours to monitor the change in performance.  The 1.2 VRHE AST 
condition was set by DOE because it is known to be very aggressive specifically toward 
the supports.  This specific material unfortunately did not meet the DOE USCAR targets 
for performance stability.  The current density dropped by more than half during the first 
4 days at this condition which is only about one quarter of the intended 400 hours test.  
However, it should be noted that most high surface area carbons also cannot pass this test 































and often fail by this time.  Future candidates should also pass the electrocatalyst stability 
test which cycles the potential and takes greater account of Pt catalyst effects.  Durability 
test are important because to recognize any contribution of the SMSI and catalyst 
bonding to the oxide.  In addition to monitoring performance, the electrochemical surface 
area was also estimated by integrating the hydrogen adsorption/desorption peaks after 
double layer subtraction of the cyclic voltammograms.  A more promising result arises 




Figure 4.17  CVs of 25 cm
2
 cathode through AST on catalyst support 
 
 Cyclic voltammetry of the cathode reveals the active area is experiencing only 
small changes even though polarization performance is degrading rapidly.  It is likely that 
































more stable support phases have formed which can protect platinum against the corrosion 
reaction.  Sacrificial oxidation of strontium at lower potential is probably acting to 
cathodically protect titanium.  This would suggest that the strong bond between the 
platinum and titanium is also being preserved to minimize the losses in active catalyst 
area.  However, when cations like Sr
2+
 become oxidized, they can easily become mobile 
in the ionomer.  These cations diffuse into the electrolyte by an applied electrochemical 
driving force.  Regrettably, these cations can block the proton path which would 
otherwise provide an access route to catalyst sites.  The hydrogen pump test indicates this 




Figure 4.18  Hydrogen pump test shows a limiting current density 
 
 The H2 pump test shown represents a means of identifying a limiting current 
density in the cathode as a result of transport resistance.  An excess volume of hydrogen 
Limiting Current


































is supplied to the anode for oxidation before it can be reduced back on the cathode in 
proportion to the applied potential.  The half-reactions occur very quickly, so the main 
overpotential contributions come from the electrolyte and any transport issues.  The 
limiting current above 0.8 mA/cm
2
 shows deviation from ideal linear response.  This 
added resistance is likely caused by the accumulation of metal cations like Sr in the 
electrolyte and catalyst interfaces.  These results would indicate that the support is 
actually being irreversibly oxidized.  After ion-exchanging the membrane, effluent water 
was analyzed by means of ICP-MS.  The analysis showed qualitative presence of Sr, Nb, 
Ti, and Pt ions in the solution.  Ion concentrations were not precisely quantified due to 
lack of accurate calibration standards, but Sr (II) had the highest signal intensity.  This 
would suggest that Sr cations were being released into the electrolyte that eventually built 
up and blocked the catalysts sites.  Another test to isolate the corrosion behavior in a 
simulated environment could be more insightful to these behaviors. 
 
Table 4.1  ICP-MS results from ion-exchange with MEA after ADT 
 
 Concentrations (ppm) 
Element Bckgrnd Sample Difference 
Ti 5.312 28.02 22.708 
Sr 0.263 25.41 25.147 
Nb 0 7.847 7.847 








Figure 4.19  Ceramic STO disc in pH 1 H2SO4 of corrosion cell at 25 °C 
 
 The corrosion cell allows measurement of corrosion potential Ecorr and corrosion 
current density icorr in a simulated cathode environment for an STO pellete where pH is 
typical below 3 [
2, 35, 49, 217, 218
].  The intersection of Tafel slopes estimates lower Ecorr is -




for the lower potential which is assumed from the 
Sr
2+
 oxidation.  The higher oxidation potential just above zero is assumed from the Ti
4+
 
oxidation.  The corrosion of strontium and current is roughly equivalent to carbon steel 
and not suitable as a catalyst support.  A combination of low pH and high potential is 
very corrosive and seems to quickly alter the material chemistry.  However, it is 
postulated that a more stable form may arise after passivation.  Additional 
experimentation can be done to obtain insight on the change in material properties.  An 
alternative stable metal oxide support may have not been made here in preliminary tests, 
but knowledge on the stability of this candidate is gained that can be applied to the future 





































construction of improved oxide support design.  Also, expanded resources and processing 
experience will lend to further improvements.  Choosing a more stable support material 
which does not include strontium will be necessary.  Combining metal oxides with 
carbon in the support may also be able to provide some properties that can only be 




 A perovskite oxide, SrTi0.9Nb0.1O3-x, was synthesized for its ability to act as a 
catalyst support for PEM fuel cell applications.  Small crystalline ceramic powders were 
synthesized which were characterized before depositing Pt metals via polyol process to 
form the electrocatalyst.  The results reveal a catalyst area of 18 m
2
/g in a working 
electrode, but stability is still a concern before these materials can be suitable 
replacements for carbon.  Air polarization performance showed a 2.75x drop in current 
output at 0.5 V after just 96 hours of accelerated testing.  Despite a significant 
performance reduction, the electrochemical catalyst area is preserved during this time.  
This suggests a sacrificial oxidation of support oxides which act to protect Pt catalysts.  
The corrosion behavior in a simulated environment confirms a relatively low corrosion 
potential of metal oxides.  Corrosion of strontium in the cathode and cation diffusion into 
the electrolyte seems to cause a significant problem related to blocking of the proton 
transport channels.  This work reveals some weaknesses associated with metal oxide 
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Chapter 5. Titania and CNT Catalyst Supports for Platinum in 





 The development of a dual phase catalyst support for the cathode of polymer 
electrolyte fuel cells with carbon and titanium oxide was tested for performance 
durability.  Titania can form a strong bond with platinum catalysts and carbon nanotubes 
provide a conductive framework.  The combination used for this catalyst support has 
been shown to offer some improvements in performance durability in comparison to a 
control without titania addition (Pt-CNT vs. Pt-Titania-CNT). 
 
5.2. Introduction and Background 
 
 One problem plaguing fuel cell development is the durability of materials used to 
support platinum (Pt) catalysts.  Supports are traditionally made from high surface area 
carbon black to connect the catalysts to electronic circuit.  However, the carbon is 
susceptible to corrosion and especially at the interfaces where it is connected to the 
catalyst [
2, 30, 35, 217, 218




steps to design a more durable electrocatalyst.  It was made as a proof of concept to 
demonstrate specific advantages for performance stability in the cathode of working 
polymer electrolyte fuel cells.  In the dual phase support, the carbon nanotube (CNT) 
provides the framework for necessary electron conductivity.  CNTs were used because 
long range ordered atomic structure contains fewer defects which act as initiation sites for 
its oxidation when compared to traditional carbon black.  However, CNTs are still 
susceptible to corrosion and thus the introduction of second phase could provide 
additional advantages [
68, 219
].  The CNT were then coated with titania to offer several 
important benefits unavailable from carbon alone. 
 Titanium oxide, or simply titania, serves as an intermediate phase and it covers 
some of the CNT surface.  This metal oxide can help anchor nanostructured Pt catalysts 
through a strong metal-support interaction if prepared be a method to prevent 
encapsulation [
90
].  Titania is also inherently more corrosion resistant in this environment 
because it can exist in a stable state of passivation [
1
].  When forming a strong metal-
support interaction, the Ti
4+
 cations become reduced to Ti
3+
 when electrons are 
delocalized from oxygen vacancies created during reduction [
93, 220
].  This effect can 
result in a self-doped titania which introduces new mobility states [
221, 222
].  Through 
doping electronic conductivity of the material can be tuned by introduction of 
intermediate energy levels in the forbidden band gap [
142, 144, 223-226
].  Literature evidence 
suggests the platinum deposition is preferred at defects formed near the interface of 
phases and its presence can act to stabilized them [
131, 227
].  In titania, oxygen vacancies 
on the surface become nucleation sites for Pt catalysts [
222, 228, 229
].  Hence, the Pt can 




electronic contact with the conductive phase in the dual support [
157
].  Although many 
groups have claimed a benefit to catalyst activity from this support, it was not necessarily 
a goal of this research [
136, 138, 220, 230, 231
].  One important objective was to demonstrate 
that metal oxide materials used in conjunction with graphitic carbon could be applied for 
practical use in low temperature polymer electrolyte fuel cell electrodes as others have 
also suggested from RDE and first principle simulations  [
135-137, 140, 232
]. 
 The fuel cell electrocatalysts were tested using an accelerated durability test 
(ADT) designed to rapidly degrade performance by potential cycling.  Cycling tests can 
be very aggressive towards supported carbon supported platinum catalysts [
35
].  The test 
results were compared for electrocatalysts with and without titania addition to the CNT.  
The potential cycling protocol was adopted from a common procedure suggested by DOE 
USCAR Fuel Cell Tech Team using the same parameters including scan speed and 
potential limits, although specific deviations are listed in the experimental procedures.  
Electrochemical diagnostic tests were carried out to make a comparison between CNT 
supported Pt catalyst supports with and without the addition of titania. 
 
5.3. Experimental Procedures 
 
 The multi-wall CNT (8-15 nm O.D. and 10-50 µm length) were purchased from 
Cheap Tubes, Inc.  They were first pre-treated in nitric and hydrochloric acid (1:1 
volume) at 140 °C for 4 hours to introduce functional groups on the surface and to 
remove impurities.  The CNTs were filtered from the acids and rinsed extensively with 




20 kHz (Sonics Vibra-Cell 750W).  The dispersed CNT were added into a sol-gel 
solution prepared from titanium tetraisopropoxide (98+% Acros Organics).  This 
alkoxide was added drop-wise under inert atmosphere into isopropyl alcohol (99.9% 
Fisher), nitric acid (69% Fisher), and de-ionized (D. I.) water.  These were mixed in a 
molar ratio of 70:0.2:2.0 relative to the titanium precursor to form 100 mL of solution.  
The sol-gel contained 200 mg of CNTs and was heated at 80 °C for 3 hours under 
magnetic stirring.  The solids were extracted by filtration (0.45 micron PTFE) to 
selectively separate the coated CNTs.  The product was dried in a vacuum oven at 80 °C 
to evaporate remaining solvent and then heat treated at 330 °C for 2 hours in air.  The 
resulting solids were ground by mortar and pestle into a powder.  80 mg of this 
titania/CNT powder was dispersed by ultrasonic horn in ethylene glycol (Acros Organics) 
solution before 1 g of choloroplatinic acid hexahydrate (8% wt. H2PtCl6 • 6 H2O) from 
Sigma-Aldrich was added drop-wise.  The pH was adjusted by 1N NaOH in ethylene 
glycol to above pH 9 measured with an Orion pH meter before the suspension was 
deaerated with N2 and heated by 1100 W microwave oven at 60% power for 60 seconds 
to reach a temperature of 140 °C.  After cooling, the electrocatalysts were separated again 
by filtration and rinsed with copious amounts of acetone and then D. I. water. 
 Ink formulated with these electrocatalysts was ultrasonic spray deposited 
(Sono•Tek Exactacoat) on Nafion
®
 212 to form membrane electrode assemblies.  The ink 
was prepared by mixing the solid electrocatalysts in isopropyl alcohol with Nafion
®
 DE 
521 (Ion Power) that is 5% weight solution to provide for about 20% of the total mass in 
the cathode.  The catalyst loading was confirmed by X-ray fluorescence technique using a 




both cathodes.  The anodes were prepared from a conventional high surface area carbon 
black with Pt from Tanaka K. K (TEC10E40E) with about 46% Pt by mass.  An 
ultrasonic spray head (120 kHz Accumist) was used to deposit the ink on substrates 
heated at 100 °C to expedite the evaporation of solvents.  After ink deposition, the coated 
membrane electrode assembly was hot pressed at 130 °C for 5 minutes under 3 kPa.  The 
MEA was protonated in 0.5 M sulfuric acid at 80 °C (Fisher 98%) and then boiled in D. I. 
water.  The MEA was assembled into cell hardware with 25 cm
2
 active area using 
polytetrafluoroethylene gasket (0.010 inch thick), Sigracet
® 
10 BC gas diffusion layers, 
and torqued to 80 in∙lbs with cell pinch about 35% before being connected to the test 
station. 
 The potential cycling and cyclic voltammetry tests were collected with use of a 
Gamry Reference 3000 potentiostat.  The ADT cycled potential between 0.6 and 1.0 V at 
50 mV/sec for 30,000 or more cycles.  Fully humidified H2/N2 gases at 100 mL/min were 
fed to the anode/cathode side, respectively. The fuel cell was maintained at 80 °C for all 
tests.  The electrochemical surface area and performance were checked periodically 
during ADT.  The area was estimated from integration of the hydrogen under potential 
desorption region from cyclic voltammetry which were collected between 0.05 and 1.2 V 
with 100 mV/sec scan rate and 300 mL/min purge while other conditions were the same 
as during ADT. 
 The fuel cell performance on H2 and air was measured by a Scribner Associates 
840 fuel cell test station.  The reactants were fed into the fuel cell at a minimum flow of 
300 mL/min, and at higher current the stoichiometric ratio of 1.5/3 for the anode/cathode 




and the cell temperature was set at 80 °C.  The fuel cell test hardware (Fuel Cell 
Technologies) had 25 cm
2
 active area and triple serpentine flow pattern for the anode and 
pentuple serpentine cathode 
  Various material characterization methods were applied on the synthesized 
electrocatalyst.   These include powder X-ray diffraction (XRD) by Rigaku Mini-Flex 
with CuKα radiation, high resolution SEM (STEM-Hitachi HD2000), FESEM (Zeiss 
Ultra Plus), and high resolution TEM (TEM 9500), and Raman spectroscopy (Horiba 
LabRam-HR system with a He-Ne laser 633nm). 
 
5.4. Results and Discussion 
 
     The functionalization of CNTs to add defects to the surface is an important pre-
treatment step.  The strong acid can introduce functional groups onto the surfaces of the 
CNT, such as carboxylic acids and other anionic oxygen species.  These negative charged 
groups will later act as nucleation sites for the metal cation reduction.  The acid treatment 
also removes impurities like residual metals used for growing CNT and less stable 
amorphous carbon material.  The acid treatment also served to improve the dispersion of 
CNTs in polar solvents and the sol-gel solution.  The procedure for the sol-gel step was 
modified from the literature based on other successful strategies to coat crystalline 
anatase titanium dioxide on CNTs [
126, 128
].  The coating step was only performed once to 
prepare a thin coverage on CNT surfaces.  Titania deposition was followed by a thermal 




excessive oxidation of CNT in air which becomes rapid at higher temperatures > 430 °C 
[
122
].   
 Platinum was deposited on the composite support by a microwave-assisted polyol 
reduction reaction.  Choloroplatinic acid solution was added to supports in ethylene 
glycol which serves as a reducing agent when oxidized to glycolic acid.  The glycolate 
anion stabilizes Pt colloids formed during the heating process while Cl
-
 can then be 
replaced by the negative surface species from functionalized nanotubes to bond with Pt
2+
 
cations as the nucleation begins before crystallites grow.  Platinum deposition on CNT 
and the resultant particle size and catalyst loading depends critically on the pH [
233
].  
Adjusting the above 9 was found to give a catalyst loading of greater than 20% on 
support based on the mass differences from before and after the reaction.  Microwave 
heating was used as a simple way to rapidly heat the mixture and the final temperature of 
the solution could be verified by a thermocouple probe.  This temperature and pH were 
found by others to be near the optimal range to form small and stable crystallites used in 
the oxygen reduction reaction of the cathode [
234
]. 
 A Raman spectroscopic analysis revealed the presence of surface bonding 
character.  The Raman spectral scans show distinct peaks which match with reference 
data characteristic of the CNT and the anatase phase found in the composite [
122, 235, 236
].  
Anatase vibrational modes are located below 750 cm
-1
 while the graphitic and disordered 
peaks from CNT are found at higher wavenumber.  The main peak from anatase Eg mode 
is located 160.7 cm
-1
.  This value is higher than single crystal references and is a strong 









Figure 5.1  Raman spectra for oxidized CNT and titania functionalized CNT supports 
 
 XRD can reveal the crystalline nature of electrocatalysts.  The spectrum does not 
clearly show the characteristic anatase phase in the support.   Anatase peaks found near 
25, 38, 48, 54, 63° may only be weakly exhibited for small, amorphous, and disordered 
crystallites which were difficult to differentiate from the  predominant CNT features [
237
].  
Supports were then coated with Pt from the polyol reduction method to form the 
electrocatalyst.  Evidence of Pt peaks in the electrocatalyst becomes very clear in XRD 
shown by the black line of Figure 5.2 after deposition.  Further analysis by electron 






Figure 5.2  XRD spectra of composite support and electrocatalyst 
 
 Electron microscopy was used to observe the morphology of the electrocatalysts.  
The particle size distribution can be estimated from the SEM and TEM micrographs.  The 
distribution of Pt nanoparticles was uniform on some dual phase supports, but in many 
other places concentrated clusters of Pt nanoparticles were observed.  However, this 
phenomenon occurred in the control sample as well.  Further optimization of material 
synthesis steps is needed to achieve a better Pt particle distribution, but formation of 
heterogeneous electrocatalysts was evident.  The high resolution TEM (HRTEM) shows 







Figure 5.3  HRTEM images at increasing order of magnification 
 
 In high resolution STEM images of the Pt-Titania-CNT, the metal coverage can 
be seen as the brighter areas on the darker nanotubes.  Pt catalysts are shown in brightest 
write and diffuse gray is from the titania phase wrapped around the surfaces of the CNT.  
At higher magnification in Figure 5.4 and in other images, it is consistently observed that 
Pt tends to locate in proximity to titania although some are also directly found on CNT.  
Clustering is also evident, especially in regions where dual phase support is present.  In 
has been reported that Pt favorably nucleates at oxygen vacancies on titania and this 










Figure 5.4  High resolution STEM images at a) low and b) high magnification 
 
 The location of metals is evident from the elemental distribution when STEM is 
coupled with atomic mapping by energy dispersive X-ray spectroscopy (EDX).  In the 
ideal structure, Pt particles are located near interfaces of titania in the dual phase support 
while maintaining electronic contact with CNT network.  Collocation of phases is 
apparent from STEM/EDX images in Figure 5.5.  The EDX images (color) reveal the 
distribution of elements in the composite electrocatalyst structure.  Pt bonding on titania 
phases becomes very evident in this picture where the atomic ratio is measured close to 







Figure 5.5  STEM/EDX with elemental mapping of the composite electrocatalyst 
   
 These electrocatalyst materials were then mixed into an ink suspension which was 
deposited on to polymer electrolyte membranes using an ultrasonic sprayer.  Ionomer in 
the ink helped to suspend the solids to disperse the solids into an electrode which was 
also operated at 120 kHz frequency.  This method is effective for fabricating thin 
homogeneous electrode layers for polymer fuel cells [
239
].  FESEM images from the side 
profile of the MEA after construction can be seen at increasing order of magnification in 
Figure 5.6.  The catalyst coated membrane is then prepared and readied for 







Figure 5.6  FESEM profile of Pt-Titania-CNT cathode at increasing magnifications 
 
 Figure 5.7 shows the hydrogen and oxygen performance at 3/3 stoichiometric 
flow rates.  The following electrochemical data sets are meant to provide insight into the 
performance degradation behavior of the MEAs in accelerated testing and provide a 
relative comparison between Pt/Titania/CNT and Pt/CNT.  Some of best electrocatalyst 
performance measured for ultrathin titania-CNT constructions have not been validated in 
working fuel cells [
137
].  Polarization performance suggests that most Pt catalysts are 









 The performance durability was also compared between the Pt/CNT and 
Pt/Titania/CNT electrocatalysts.  The fuel cell performance measured with hydrogen and 
air was used to monitor behavior over the life of the cell and is shown here at three 
critical intervals during ADT.  The accelerated cycling condition was designed to target 
the electrocatalyst by varying the potential with a triangular wave for 30,000+ cycles.  
The result on cell polarization in Figure 5.8 and the improvement in durability of the 








Figure 5.8  Air polarization for a) Pt/Titania/CNT and b) Pt/CNT 
 
 The decrease in the potential at 800 mA/cm
2
 current density for the 
Pt/Titania/CNT cell is from 0.429 to 0.404 V, or just 25 mV for this operating condition 
after the ADT.  The Pt/CNT cell potential has dropped from 0.568 to 0.448 V, a loss of 
120 mV.  It is noted that the CNT cell had higher starting surface area and was part of the 
reason for better performance, initially.  The activation region of polarization is shown in 
Figure 5.9.  The Tafel plots also indicate the improved stability for in low current where 













 The cyclic voltammetry tests were conducted periodically to measure the change 
in available electrochemical surface area of the cathode.  A smaller starting area for the 
Pt/Titania/CNT support is apparent, but it is also much more stable during potential 
cycling.  The comparison of electrochemical surface area as function of potential cycles 
is plotted in Figure 5.11.  The initial changes in surface area are similar for both cells 
which may have been a result of the growth of smaller particles in direct contact.  After 
ADT, the Pt/Titania/CNT cathode had 60% of the surface area remaining compared to 
just 48% for the Pt/CNT.  The Pt/Titania/CNT cathode started with 22.0 and ended with 
13.1 m
2




















  The viability of a dual phase support including graphitic CNT and titania would 
appear to be possible from the evidence presented in this study.  The durability of the 
support is critical to extending the life of the cell which has been improved over CNT 
only when compared by an accelerated degradation strategy.  Quite possibly, some 
processing could be refined for further improvement in performance.  Primarily, the 
distribution of titania and Pt particles and arrangement could be optimized during 
synthesis.  Poorly distributed Pt in close proximity is probably more susceptible to 
ripening due to shortened diffusion pathways.  In some highly concentrated regions, 
catalyst particle contact and oriented alignment of lattice atoms facilitates growth into 
larger crystals with less surface area for both electrocatalysts.  Post-characterization 
would help to understand more about degradation mechanism.  It is proposed that better 
functionalization of carbon and homogeneous addition of titania will also provide a more 
ideal platform.  Regardless, the addition of a titania phase to the support had a significant 
effect of the electrocatalyst durability over 30,000 cycles.  With additional or more 
aggressive cycling, the dual phase support may provide even greater advantage in the 
delayed loss of electrochemical performance.  Mass activity from the catalyst seems to be 
almost completely preserved as evidenced by similar polarization and Tafel behavior 
through the test.  If an optimum titania fraction is added to contribute only minimal 
resistance, even further developments could be possible.  In any case, the design of 







     
 The performance durability of Pt/Titania/CNT electrocatalyst has been improved 
over a Pt/CNT control when subject to accelerated degradation conditions in a polymer 
electrolyte membrane fuel cell cathode.  The change in potential at 800 mA/cm
2
 was only 
25 mV as compared to 120 mV for the cathode without titania.  The surface area 
remaining after an accelerated durability test was 60%, greater than the 48% left for the 
Pt/CNT cell.  Despite a lower initial polarization for the composite electrocatalyst, the 
stability seems to be improved through the addition of a chemically bonded titania phase 
in the support.  Material synthesis and structure optimization for the design of the 
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Chapter 6. Carbon Monoxide Tolerant Platinum Electrocatalysts on 





 In the anode of electrochemical cells operating at low temperature, the hydrogen 
oxidation reaction is susceptible to poisoning from carbon monoxide (CO) which 
strongly adsorbs on platinum (Pt) catalysts and increases activation overpotential.  
Adsorbed CO is removed by oxidative processes such as electrochemical stripping, 
though cleaning can also cause corrosion.  One approach to improve the tolerance of Pt is 
through alloying with less-noble metals, but the durability of alloy electrocatalysts has 
been an issue of concern.  Without sacrificing stability, tolerance can be improved by 
careful design of the support composition using metal oxides.  Promotion of the 
bifunctional mechanism occurs near junctions of the catalyst and metal oxides in the 
support.  Stable metal oxides also form strong interactions with catalysts, as is the case 
for platinum on titania.  In this study, niobium (Nb) serves as an electron donor dopant in 
titania (TiOx).  The transition metal oxides are joined to functionalized multi-wall carbon 
nanotube (CNT) supports to synthesize composite supports.  Pt is then deposited to form 




electrochemical hydrogen pump.  Comparisons are made between the control from Pt-




 Electrocatalysts are an essential part of many electrochemical cells which are 
often assembled in challenging ways in order to design the most effective electrodes.  
Unfortunately, catalysts such as platinum (Pt) are not cheap and often contribute 
substantially to the overall system cost.  To reduce the amount needed, nanostructured Pt 
particles can be supported on conductive substrates that are intricately distributed into 
electrodes of polymer electrolyte cells.  In the anode of a fuel cell, overpotential for 
oxidation of hydrogen (H2) is relatively low when compared to the oxygen reduction 
reaction (ORR) in the cathode.  However, presence of carbon monoxide (CO) in the 
hydrogen oxidation reaction (HOR) has a significant poisoning effect under typical 
operating conditions when active Pt sites become covered during exposure.  At operation 
temperatures < 100 °C, even low concentrations about ≥ 10 ppm CO can severely impact 
cell performance in a short time [
240-242
].  Electrode poisoning from CO is one of the 
important challenges plaguing development of this technology.  Therefore, a more 
resilient electrocatalyst in operations with CO can have very significant cost savings and 
deserves our attention [
243
]. 
 Electrocatalyst properties of metals can depend on crystalline epitaxy, lattice 
strain, metal-ligand effects, and from their interfaces with adjoining compounds that 
could be a constituent phase of the support [
244, 245




adsorption properties of CO on electrocatalysts by changing these parameters, the 
bifunctional mechanism has been well established for its removal once poisoned [
246, 247
].  
In the case of adsorbed CO on the catalyst, most is converted to carbon dioxide (CO2).  
This effect is promoted when dually adsorbed species are involved in its oxidation as 
shown in Langmuir-Hinshelwood type reaction of Equation 1.  Metal oxide (MOx) phases 
formed in proximity to catalysts can serve this purpose in analogous ways to alloys with 
Pt [
244, 248
].  Construction of a catalyst support with these materials could aid this property 
in addition to making it more durable. 
 






 Improving tolerance to CO has been extensively investigated through alloying Pt 
with less-noble elements to promote bifunctional effects, although alloys can be limited 
by their stability.  Advances with Pt alloys containing promoters such as Ru, Sn, and Mo 
are considered a state-of-the-art for CO tolerance, but these metals can become 
irreversibly oxidized during operation [
249-254
].  From the perspective of stability, it is 
probably more rational to prepare those metals initially in a higher oxidation state to form 
junctions with Pt [
255-257
].  In any case, contamination from the fuel adsorbs on anode 
catalyst surfaces and to restore activity, oxygen pressure, temperature, and/or cell 
potential are generally adjusted to accomplish removal [
258-260
].  However, these 
processes can result in oxidation of the electrocatalyst as well.  Unintended fuel 
starvation and fuel cell reversal can also lead to high anode potentials, low pH, and 
conditions that cause degradation of this electrode [
35, 250, 261




the loss of performance from electrocatalysts which can be corroded similarly to catalysts 
in the cathode of the fuel cell [
253, 262
].  Electrocatalyst losses may be measured by 
changes in reversible features from cyclic voltammetry which correlate with active sites 
[
263
].  In alloys with Pt, the more active metal tends to be sacrificed while passivation 
occurs on the surface and noble metal lattice strains are relieved [
253, 262
].  Catalyst 
activity is lost, but secondary symptoms originating from this issue may also persist.  For 
example, dissolved cations from alloyed metals can diffuse into proton channels of the 
electrolyte and also plate out in the cathode after being reduced along with the fuel [
250, 
252
].  Electrocatalyst degradation has a cumulative effect on performance which can 
eventually kill the cell; this paradox poses a challenge to the purpose of same materials 
which also make them work so well [
26
].  In the anode, tolerance to CO contamination 
should come without a big cost to stability for ideal electrocatalysts.  
 Electrocatalysts must be validated in electrodes with conditions similar to those 
found in real applications.  Half-cells and rotating disk electrode (RDE) studies are 
essential in understanding fundamental behaviors to guide specific design, but results 
from full cell hardware are necessary in confirming the effectiveness of working 
electrodes.  Though, fuel cell testing complicates understanding of the anode due to 
cathode effects and sluggish ORR.  Electrochemical hydrogen pumps can provide more 
accurate characterization of the anode oxidation reactions, however.  Protons formed in 
the anode are simply pumped across the membrane electrode assembly (MEA) and 
reduced at the cathode by applying potential.  For the reference electrode, Pt black 
electrocatalysts dually serve as a cathode for the fast hydrogen evolution reaction.   More 




pressurize clean H2 gas which is ideal for fuel cells.  Other uses have found success in the 
form of sensors.  Characterization of fuel cell cathodes by cyclic voltammetry is 
performed by a similar pumping procedure where fuel has been purged from working 
electrodes with inert gas.  From a diagnostic perspective, losses in H2 pump performance 
and overpotential can be relatively easy to separate and assign.   
 Transition metal oxides selected for this study were carefully chosen for stability 
and their interaction with Pt catalysts.  The abundant element titanium (Ti) was picked as 
the major constituent with a minor addition of niobium (Nb) included as an electron 
donor in the oxide matrix.  Both oxides have a wide passivation region overlapping the 
operating ranges used in the environment of related electrochemical cells, based on 
equilibrium Pourbaix (Eh-pH) diagrams [
1, 145
].  It is imperative that materials used in 
catalysts should at least be prepared near to their equilibrium state (e.g. TiO2 or Nb2O5) 
or else they will eventually adopt it during operations, resulting in irreversible 
transformations and limited lifetimes.  The metal oxides are intended to serve several 
functional roles in the support.  Titania can provide a stronger interaction with catalysts 
than carbon, improving durability by limiting diffusional growth while also resulting in 
interfacial reduction of the metal oxidation state [
264-267
].   This can facilitate the 
dissociation of water to form hydroxyl groups (−OH) from extra nonbonding valence 
electrons made available by the metal in a reduced oxidation state and corresponding 
oxygen vacancy near the surface [
185, 268-271
].  Titanium dioxide has been used for 
numerous catalytic applications and the science of its surface chemistry has been the 
single most investigated transition metal system [
272, 273
].  In electrocatalysis, high 




oxides has limited their use as support in related applications.  Although, an extensive 
number of recent reports have emerged which indicate there can be a synergistic 
combination for benefits to activity and stability from metal oxides supported 
electrocatalysts.  Solely using metal oxide phases alone in the support is perhaps not 
practical because long range order of larger doped crystals (e.g. rutile) is typically needed 
to effectively form conductive electronic pathways through them which comes with a 
sacrifice to available surfaces [
146, 274, 275
].  Nevertheless, using metal oxides in 
conjunction with carbon could still be an effective approach to maintain suitable 
conductivity in the electrode without requiring a high catalyst loading [
131, 132, 137, 138, 232, 
276-284
].  Therefore, it is a goal to translate these conceivable developments into results 
that can be established in electrodes of low temperature cells. 
 The choice of doped metal oxides for this research is based on defect engineering 
principles that should be favored in the environment of the electrode.  Defects are formed 
in host crystals by including irregular placement of ionized species in its lattice that add 
charge carriers, typically found in the gap state of oxides.  Titanium (IV) dioxide has a 
wide gap, but can be reduced by extra electrons formed during loss of oxygen atoms in 
the compound and it is normally referred to as n-type semiconductor.  Adding defects 
contribute to electron acceptor and donor properties, but are often skewed more toward 
one type.  The selection of Nb as a donor dopant for Ti is based on its ionic radii, 
coordination number, and preferred valence state in the environment.  Donor doping is 
ideal in reducing environments based on laws of mass action as suggested by the 
relationship of Equation 2 in Kröger-Vink notation [
221, 285
].  At low oxygen 
concentrations found in the anode, oxygen vacancies    




carriers as represented by reaction of Equation 3 and the laws of mass action.  When Nb
+5
 
is reduced to Nb
+4
, a free electron on      
   is formed as a shallow donor in titania [97, 
286
].  Solid oxide fuel cells rely on these defect relationships for conductivity, where 
defects are more mobile at high temperature.  At lower temperatures, defects may 
become quenched in the lattice and considered as a quasi-equilibrium that can contribute 
to new mobility states in the gap [
287-291
].  There are only a few other stable elements with 
higher oxidation suggested as donors in titania; among these are Nb (V), Ta (VI), and W 
(VI) oxides found in high potentials ~ 1 Volt and at very low pH values often found in 
acidic electrolytes of electrochemical cells [
1
].  Importantly, the oxides of positive 
transition metals have a tendency to form oxygen vacancies and hydroxides at their 
surface when reduced through strong interactions with more electronegative metal 
clusters deposited on them [
95
].  Substitution limits for dopant cations depend on their 
ability to fit into the lattice of the host crystal.  The observed coordination with oxygen in 







 with 0.64, 0.64, and 0.60 Å radii according to the Handbook of 
Chemistry and Physics [
292
].  These dopant cations can provide for the optimum 
replacement solubility while inducing only minimal strain in the crystalline lattice.  In 
mesoporous titania films, it was shown that 20% of Ti can be replaced with Nb for very 
low electrical resistivity [
114
].  Furthermore, concentrations > 25% were successfully 
included in anatase titania that were stable during an insulator-to-metal transition [
114
].  
Even low level doping in rutile of Nb < 1% replacement provided for substantial band 
gap narrowing and formation of intermediate energy states including shallow donors [
110, 
223




in the phases of titania and its electronic properties.  A substitution of 10% Ti with Nb 
was decided upon for this study, but it has been suggested that the other oxides and 
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 There are many descriptions of the interaction from Pt deposited on titania present 
in the literature, especially for catalysis.  Tauster notoriously reported a loss of H2 and 
CO chemisorption for these supported catalysts when heated in a vacuum or reducing 
atmosphere above ~ 300 °C due to the accumulation of electrons from TiO2 at interfaces 
with Pt that can result in a rapid surface diffusion of Ti
3+
 cations around the noble metal 
islands [
89, 298
].  These encapsulated catalysts were rendered inactive after this conversion 
due to a dubbed strong metal-support interaction and loss of adsorption.  Heating in low 
oxygen pressure results in a reorganization of electropositive transition metals from the 
left side of the series to encapsulate islands of electronegative metal clusters made of 
noble group elements on the oxide surface due to charge transfer and interfacial reactions 
that minimize surface energy through alignment of their Fermi levels [
90, 95, 238, 299
].  
Without chemisorption of H2 or CO reactants, catalysis is not practical.  However, a 
beneficial catalytic property from the class of materials that demonstrate strong metal-
support interactions can still be realized when prepared at ideal conditions that limit 
encapsulation [
90
].  Oxygen vacancies formed in the reduced metal oxide phase near 
interfaces with the catalyst can provide an important contribution to the bifunctional 






Interaction of titania with supported Pt has been used in a number of other catalytic 
reactions (e.g. water-gas shift) where CO adsorption, vacancy formation energy, and 
electronic interactions have been modeled [
222, 227, 302-304
].  Interfaces formed with the 
metal are seemingly important and Schottky barriers are known to form in Pt @ titania 
where surface charges accumulate.  Related phenomena have been referred to as catalytic 
nanodiodes and also used in CO oxidation [
305, 306
].  Electrocatalytic oxidation studies for 
10% Nb doped anatase and lightly reduced versions of this titanium oxide phase (i.e. 
TiO2-δ) exemplified better performance and stability than its rutile, undoped, or Magnéli 
phase counterparts in electrochemical tests [
82, 231, 307-309
].  These results also have 
indicated effective alcohol oxidation in anode reactions where CO is formed as an 
intermediate in the mechanism.  Although metallic support conduction is not necessarily 
required for electrocatalysis, use of dielectric oxides and resistive materials should be 
minimized.  Addition of a carbon component is probably still imperative for improving 
conductivity and limiting the use of highly crystalline and wide gap oxides that can 
behave semiconductors. 
 Carbon is the most commonly used electrocatalyst support.  Unfortunately, carbon 
can be corroded at low standard potentials.  Although, the kinetics of oxidation are 
moderate until conditions become more severe such as those sometimes found in 
electrochemical cells [
35
].  The structure of carbon and its surface functionalization have 
important implications on its applicability in the electrode as well its corrosion resistance 
[
310-312
].  Graphitized forms of carbon in the support have been shown to be more stable 
in these applications than carbon blacks [
51, 67, 68
].  The Pt catalyst though poses another 




carbon surface functional groups [
313
].  CNTs have several attractive attributes which 
start with their strength, high surface to volume ratio, and relatively inexpensive 
production, making them a good candidate for graphitic carbon in the electrode as long as 
catalysts can be attached [
313-316
].  CNTs also have strong mechanical properties which 
can prevent electrode structure collapse, exhibit satisfactory electronic conductivity, and 
provide a percolating network along axial directions to provide diffusion paths with an 
open porosity [
69, 317-319
].  In CO tolerance, similar graphitized forms of carbon with 
oxygen functionality on their surface were shown to have a high activity and used as 
guides in our design [
233, 314, 320
].  The defect sites in carbon act as decoration centers for 
the metal oxide and catalyst [
127, 137
].  Multi-wall CNTs are known to also exhibit some 
semiconductor behaviors, but an inexpensive commercial version was chosen as a 
representative carbon platform in the foundation of composite supports for this research.  
It is purported that advancements made in this area will be reinforced by a simplified 
approach for material synthesis and electrode fabrication to demonstrate the support 





6.3.1. Carbon nanotube composite supports 
 Multi-wall CNTs of 8-15 nm O. D. x 10-50 μm length (Cheap Tubes Inc.) were 
first oxidized in a mixture with equivalent volumes of concentrated nitric (70%) and 




groups and remove impurities.  Oxidized CNT solids were washed thoroughly with de-
ionized water and separated with porous polytetrafluorethylene (PTFE) filters before 
drying.  Functionalized CNT were ultrasonically dispersed in anhydrous isopropanol 
solvent before adding precursor amounts of titanium (IV) isopropoxide and in some cases 
niobium (V) ethoxide solutions (99+%) to reflux under N2 purge gas at 80 °C for 3 hours 
in a modified sol-gel process [
127
].  De-ionized (DI) water was added slowly to promote 
hydrolysis, condensation, and growth of metal oxides on CNTs.  Reflux was removed and 
evaporation of remaining solvents was necessary to collect resulting solids.  All support 
powders were then calcined in N2 at 450 °C for 2 hours to induce ordering and phase 
transformation.  Two different loadings of titania were initially compared by varying 
ratio of CNTs to titanium isopropoxide with atomic proportions of [Ti:C] at [1:10] and 
[1:100].  The Nb doped titania target was 10% atomic substitution for Ti in the oxide.  
Three support formulations were prepared to form electrocatalysts: a carbon only control 
with oxidized CNT, a composite from TiOx-CNT, and Nb doped titania Ti0.9Nb0.1Ox-
CNT, where x ≈ 2 [
321
].  For simplification, titania and Nb doped form are just denoted as 
TiOx and TiNbOx in the remainder of the publication. 
 
6.3.2. Electrocatalyst preparation 
 The deposition of Pt on composite supports was carried out by a microwave-
assisted polyol reduction method.  The catalyst supports were first ground into fine black 
powders that were dispersed by an ultrasonic probe (Sonics Vibra-Cell 750W) in ethylene 
glycol before choloroplatinic acid hexahydrate (8% wt. H2PtCl6 • 6 H2O) was added to 




then adjusted past the isoelectronic point and above pH 9 by adding 1N NaOH dissolved 
in ethylene glycol to promote Pt nucleation.  After stirring, mixtures were rapidly heated 
in a 1100 W commercial microwave oven (GE) on 60% power setting for 60 seconds to 
reach a critical temperature of 140 °C where growth of Pt nanoparticles on the catalyst 
support is stimulated [
322
].  The resulting suspensions were again separated by vacuum 
filtration and the remaining black solids were washed with acetone and then DI water 
before drying and finally refining size of agglomerations with simple mortar and pestle 
technique.  These composite materials were characterized and used as subjects of 
electrode testing.  The three functionalized electrocatalysts are labeled Pt-CNT, Pt-TiOx-
CNT, and Pt-TiNbOx-CNT.   
 
6.3.3. Ultrasonic ink processing and electrode fabrication 
 The resulting electrocatalysts were dispersed into an ink with ionomer and 
solvents before deposition on polymer electrolyte membranes.  After weighing the 
catalyst powders, a few drops of water saturate solids before they were submersed with 
isopropanol in 20 mL vials.  A suspension of the ionic polymer, Nafion® DE-521, was 
added to equate 20% of solid mass formulation in the electrode.  Electrocatalyst inks 
were then mixed by ultrasonic horn for at least 15 minutes before being loaded into a 
syringe used in the sprayer.  An automated ultrasonic spray process (Sono-Tek 
Exactacoat system with an Accumist 180 kHz nozzle) was used to deposit inks directly 
on substrates, Nafion
®
 NRE-212 membranes in this case [
239
].  Membranes were placed 
above platen heated to 100 °C to accelerate solvent evaporation.  A raster pattern was 
used on template to obtain square MEAs with 25 cm
2






loading in the anode.  The opposite side was coated with Pt black (Johnson-Matthey 
HiSPEC 1000) with 2 mgPt cm
-2





6.3.4. Membrane electrode assembly and cell construction 
 MEAs were sprayed and then dried prior to pneumatic hot press at 130 °C for 5 
minutes under 300 N/cm
2
 force.  The pressed MEAs were soaked in 0.5 M sulfuric acid 
for one hour at 80 °C to protonate ionomer electrolyte and then rinsed in hot DI water.  
Test cells were built with a set of SGL Carbon 10 BC gas diffusion layers (GDL) and 254 
μm thick PTFE gaskets to impose a 33% pinch of GDL by applying 80 in•lbs torque to 
tie bolts in cell hardware (Fuel Cell Technologies, Inc.).  Cells were assembled in 
graphite flow plates with triple serpentine flow channels, and connected to a fuel cell test 
station (Scribner 840) which feeds pure gas (H2 and N2) at controlled temperature and 
water saturation to the cell.  An external humidifier and flow controller (MKS) were used 
to humidify and control H2 mixed with 100 ppm CO (Praxair) fed into the cell.  









6.3.5. Electrochemical diagnostic tests 
 Several electrochemical experiments were carried out to compare performance of 
cells with different anode electrocatalysts.  CO tolerance of the cell was measured by 
both chronopoteniometry and chronoamperometry experiments on cells operated in the 
hydrogen pump mode with contaminated fuel.  The catalyst electrochemical area was 
measured by cyclic voltammetry (CV).  The CO stripping voltammetry was used to 
compare CO oxidation peaks.  Electrochemical impedance spectroscopy (EIS) techniques 
were used to measure cell impedance.  Electrochemical tests were carried out with a 
potentiostat/galvanostat (Gamry Reference 3000) coupled to a power booster (Reference 
30k).  Flow rates for the fuel and purge gas were all set to 250 mL min
-1
, unless otherwise 
noted.  In hydrogen pumps, the Pt black cathode is supplied with clean H2 and also serves 
as the reference electrode while anodes were exposed to flows of the contaminated H2 to 
provide the source of protons.  Cell temperature for all experiments was set at 75 °C with 
feed gases fully humidified to 100% relative humidity (RH).   
 Initially, potential cycling was applied to all electrodes from 0.05 to 1.2 V at 50 
mV sec
-1
 for 500 cycles to accelerate aging during a break-in process.  CO stripping was 
completed by the same potential cycle parameters.  Working electrodes were under 
constant exposure to the 100 ppm CO in H2 for at least 30 minutes.  For accurate peak 
determinations, H2 pump anodes were then purged with N2 for another 15 minutes to 
remove excess CO and provide ample time for the open circuit voltage to stabilize in the 
cell.  Chronopotentiometric tests with galvanostatic current density from 3.125, 6.25, 
12.5, 25, 50, to 100 A m
-2
Pt were supplied throughout constant stoichiometric H2 flow 




over a period of at least 2500 seconds and up to 1 hour at lowest current.  Adsorbed CO 
in the electrode was cleaned up in between tests by stripping before repeating tests at the 
next highest current density setting.  Chronoamperometric tests were applied at 25 mV 
potentiostatic for 10 minutes under constant flow rates normalized to the Pt surface area 
of catalysts.  Current was recorded during this time which was sufficient to reach a CO 
saturated condition and stabilize cell performance during this span.  EIS complemented 
the potentiostatic condition from the previous step using scans from 2500 to 2.5 Hz and 5 
mV perturbations with successive spectra at exact intervals of 1 minute for the first 10 
minutes of exposure to CO.  The time dependent and steady state electrochemical 
behavior is presented in the results and discussion. 
 
6.3.6. Materials characterization 
 The prepared materials were characterized by a suite of analytical techniques.  
The Raman spectra of the catalyst support were obtained by a Horiba LabRam-HR 
system with a He-Ne laser (λ = 633 nm).  Powder X-ray diffraction (XRD) was collected 
by a Rigaku Mini-Flex instrument with CuKα radiation and D/teX detector.  Scanning 
transmission electron microscope coupled with energy dispersive X-ray spectroscopy 
(STEM/EDX) on a Hitachi S4800 and a high resolution transmission electron microscope 
(TEM) by a Hitachi H9500 were used to image the electrocatalysts.  X-ray fluorescence 
(XRF) by Fischer XDAL instrument was used to analyze the Pt loading in the MEA.  X-
ray photoelectron spectroscopy (XPS) using a Kratos Axis Ultra DLD equipped with a 




interactions.  Binding energy was calibrated using an Ag foil with Ag 3d5/2 set at 368.21 
 0.025 eV while the source was operated at 15 keV and 120 W.  
 
6.4. Results and discussion 
 
6.4.1. Material characterization of composite supports 
 The first characterization by XRD aimed to identify the structure of phases in 
composite supports.  A spectrum from titania and CNT with an atomic ratio of Ti to C 
[1:10] showed peaks representing the formation for anatase phase from TiO2 in well-
defined structure on carbon supports at this concentration.  The average anatase (A) 
crystal size was under 10 nm from Scherrer equation applied to A (200) and (204) peaks 
which have been labeled in Figure 6.2.   When the ratio of titanium to carbon [Ti:C] was 
decreased by an order of magnitude for an estimated yield [1:100], the oxide structure 
was obscured due to reduced crystallinity with mass accounting for < 5% of total [
128, 237
].  
This construction was prepared by the same procedure, but was more disordered with 
only partial coverage and resultant spectra dominated by the features of graphitized 
carbon (C) [
106, 127, 135, 277
].  A drastic improvement in performance from the [1:100] 
atomic ratio of oxide metal to C resulted in this parameter being held constant for 







Figure 6.2  XRD of Titania-CNT composites 
 
 A confocal Raman spectroscopic investigation was used to probe the nature of 
metal oxides joined to CNT and confirm their presence.  The six active vibrational modes 
of anatase titania are observed below 700 cm
-1
 from composite supports plotted in Figure 
6.3 [
235
].  A decrease in all peak intensities is noticed for [1:100] ratio with lesser Ti 
content.  The most intense peak is attributed to the lowest frequency for Eg mode and the 
reduced signal can be related to a lesser degree of crystallinity [
323
].  Moreover, this main 
peak has tendency to blue-shift and broaden asymmetrically towards higher wavenumber 
due to decrease of particle size, oxygen vacancy formation, interfacial surface vibrations, 
and photon confinement effects [
226
].  The resulting main Eg peaks have been identified at 
159.4, 160.5, and 161.3 cm
-1
 with Nb doped titania showing the lowest intensity and 
largest Stokes shift.  It has elsewhere been reported that additions of Nb in titanium 

























































































dioxide increase the temperature of phase transformations and retard its grain growth [
112, 
116, 324
].  A decreased degree of order in the doped sample is the probable result.  Presence 
of features in composites with peaks near 1350 cm
-1
 and 1600 cm
-1
 are associated with 






Figure 6.3  Raman spectra of composite supports 
 
6.4.2. Material characterization of electrocatalysts 
 After polyol deposition of Pt on supports, XRD analysis was performed again to 
observe growth of Pt catalyst nanostructures.  Similar crystalline peaks were observed in 
all three electrocatalysts, but there were differences in the average size of Pt on supports.  
From interpretation of Pt (220) facets, the average size of catalysts decreased from Pt-
CNT > Pt-TiOx-CNT > Pt-TiNbOx-CNT at value of 8.15, 4.99, and 4.89 nm with peak 
centers identified at 2θ values of 67.62, 67.88, and 67.80, respectively.  Composite 
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supports appear to improve distribution and limit the growth of catalysts to a much 
greater extent when synthesized under the same conditions [
59, 135, 325, 326
].  This may be 
attributed in part to the interaction between Pt and the electropositive transition metals 
used in the support.  By this rationale, there could be some consideration of Pt size effects 
since the Pt-CNT grew to a larger diameter.  Regardless, the order of size did not directly 





Figure 6.4  XRD of electrocatalysts after Pt deposition 
 
 XPS was used to verify the presence of transition metals and the effect on their 
core electrons after Pt deposition.  Peak shoulders and shifts in the positive (oxidation) 
and negative (reduction) direction of the binding energy (BE) are observed.  















































the main C 1s peak at BE of 284.6 eV due to various charging effects and all intensities 
have been overlaid for the sake of comparison purposes.  As shown in Figure 6.5, a 
reduction shift in BE of core Ti 2p and Nb 3d orbitals for Pt electrocatalysts (─*─) is 
seen when compared to supports (───) only.  Presence of reduced Ti (III) and Nb (IV) 
valence states in metal oxides are more apparent after Pt deposition by formation of 
shoulders and asymmetric artifacts extending to BE below support only values [
110, 112
].  
The added signal noise in the plots with Pt is another indication that much of the oxide 
surface has been covered by catalysts.   Interfaces formed with Pt seemingly increase the 
concentration of transition metal species in this instance.  Defects in the native oxide 






Figure 6.5  XPS analyses show the transition metal spectra in composites 
 before (───) and after (─*─) Pt deposition 
 
 A cooperative interaction between Pt, the metal oxides, and multi-wall CNT may 
further be realized by examination of O 1s peaks.  As shown in Figure 6.6, peaks 




















































































centered above 530 eV arise in composite supports shown in (b) and (c) which do not 
exist for the CNT control seen in (a).  This peak with the highest binding intensity is 
attributed to the M−O bond.  In composites with titania, it becomes considerably 
diminished after Pt deposition.  This is a suspected result of the interaction between Pt 
and Ti or Nb along with the creation of critical oxygen vacancies.  The surface oxygen 
vacancy has been found as a nucleation center for growth of Pt where charge transfer 
occurs providing for the strong interaction [
229, 279, 325
].  Addition of a donor dopant can 
assist in the creation of more oxygen vacancies that are facilitated by deposition of Pt.  
Oxygen vacancies or dangling bonds can be healed by dissociated hydroxyls near catalyst 
interfaces to form M-OH species in the oxide [
152, 271
].  Several reports have found this to 
be beneficial in ORR where a hole in the metal oxide could be assisting transfer of 
hydroxyl intermediates involved in the limiting step of that half-reaction [
294, 296, 301, 327
].  
In the bifunctional mechanism for CO oxidation in the anode, the metal oxide would 







Figure 6.6  XPS of O 1s in (a) CNT, (b) TiOx-CNT, and (c) TiNbOx-CNT 
 supports before (───) and after (─*─) Pt 
 
 




















































































 The Pt 4f peak from XPS also tells us important information about the properties 
of the electrocatalyst.  Several XPS studies of Pt on titania catalysts prepared in a similar 
fashion to this paper that were also corrected to C 1s found BE values reduced by some 
extent when 4f plots were compared to a control where this was credited to the strong 
metal-support interaction [
137, 294, 327-329
].  In this study, titania electrocatalysts also 
revealed reductive shifts for Pt doublets when referenced to the C 1s peak.  However, due 
to charging within varying functionalization of carbon surfaces and increased interfacial 
contact of Pt with metal oxides in composites, the 4f spectra were re-plotted with 
reference to valence band edges aligned at 0 eV and shown in Figure 6.7.  In this 
comparison, a positive shift > 0.1 eV in BE was measured for Pt-TiNbOx-CNT from the 
Pt-CNT control.  Shallow Nb
4+
 donors in TiNbOx pin the Fermi level of the metal oxide 
from its valence band edge, allowing some nonbonding electrons to more easily enter the 
metal.  These effects can be attributed to the formation of a Schottky junction which 
results from alignment of energy levels and the differing work functions in metal-metal 
oxide composites.  Deeper defect states from Ti
3+
 are known to reside closer to the 
middle of the titania gap, producing a more mild Fermi level shift in Pt at the TiOx-CNT 
junction.  Several other strong-metal support electrocatalysts with similar composition 
also saw positive or only minor shift in BE when contrasted by this method to a Pt 
control [
135, 232, 330
].  In the anode, it seems a small shift in the Pt electron energy level 
probably does not significantly change CO adsorption properties.  Advantages for CO 






Figure 6.7  XPS spectra of Pt 4f peaks for all electrocatalysts 
 
 A sequence of TEM images show increasing magnification of a Pt-TiNbOx-CNT 
electrocatalyst.  Pt nanoparticles (dark) are supported on Nb doped titania and CNT 
presented in  
Figure 6.8.  The TEM images were zoomed in to a region where some catalysts are nicely 
distributed on the composite support, but others are not.  The mean of Pt particles was 
confirmed under 5 nm from particle counting statistics.  In comparison, Pt-CNT 
electrocatalysts demonstrated worse agglomeration of Pt and more irregular distribution 
of attachment.  Evidence of the titania phases is not readily apparent in composites, 
another indication of their small size and more disordered nature.  A high resolution TEM 
study found the metal oxide in hybrid support design with a disordered structure around 
Pt interfaces provided improvement to activity in methanol oxidation and CO tolerance 













































].  Other reduced metal oxides like ceria supported Pt electrocatalysts also found 
amorphous arrangements of defected oxide around catalyst interfaces with the best 
oxidation reactivity due to formation of reduced ceria cations [
264, 331
].  One recent report 
on doped titania supports proclaimed the origin of their ORR enhancement was derived 
from the resultant strain found in the Pt lattice [
328
].  However, several other examples of 
amorphous niobia in supports for Pt electrocatalysts found high activity and stability in 
both electrodes [
139, 140, 332-335
].  It seems that the low degree of crystallinity for metal 
oxides in this work and that found by many others would also suggest that the oxide 





Figure 6.8  High resolution TEM at increasing magnification of Pt-TiNbOx-CNT 
 
 STEM (upper left) coupled with energy dispersive X-ray (EDX) spectroscopy (in 
color) reveal presence of all the metals and their corresponding distributions in Figure 
6.9.  Metal oxides are evident in composite supports and it seems that the dopants were 
will mixed into the titania matrix.  All of the supporting images consistently show that the 
Pt nanoparticles have a tendency to deposit on or near the metal oxide phase in the 
composite support, providing further evidence that noble metals are anchored by strong 
interfacial junctions [
131, 336, 337




when coupled with EDX analysis than found with the high resolution TEM images alone.  
Niobium content was measured in this sample and several other images at concentrations 
≥ 10% dopant fraction in titania.  Additionally, in all samples the total atomic fraction of 
transition elements (Ti and Nb) was less than half the Pt atomic content.  It is expected 





Figure 6.9  STEM/EDX of Pt-TiNbOx-CNT 
 
6.4.3. Electrochemical characterization of working electrodes 
 Initial electrochemical tests indicated that cell electrocatalyst area was evolving 
from the effects of potential cycling applied for CO stripping cycles.  To stabilize 
electrodes and make consistent measurements, they were subjected to a series of 500 
potential cycles up to 1.2 Volts before further tolerance testing.  This process accelerated 
cell aging to break-in catalysts.  After cycling, all three electrocatalysts demonstrated 




compared in Figure 6.10.  A clear trend in the order of active area preserved from this test 
shows Pt-TiNbOx-CNT had the best stability after break-in cycling was completed to 
simulate stressors during aging.  One Pt-TiNbOx-CNT MEA were tested in an actual high 
pressure hydrogen pump under realistic cycling conditions through collaboration with 
Sustainable Innovations, LLC and presented in Appendix F.  A more aggressive potential 
cycling was completed in a preliminary study which measured carbon corrosion 
resistance by monitoring CO2 evolution from the electrodes that also followed same order 
of stability and is plotted in Appendix G.  This would suggest the carbon corrosion of the 
support is closely tied to the preservation of active catalyst area.  The hydrogen 
underpotential deposition (UPD) area from the reversible reaction before and after cell 
break-in are shown in Table 1; UPD features were integrated after subtracting double-
layer capacitance to determine the total active electrocatalyst surfaces based on the area 




].  Notably, Pt-TiNbOx-CNT had the widest 
double-layer of all three electrodes.  Much better catalyst utilization from ultrasonic 
processing has been measured for commercial catalysts by this automated deposition 
procedure that provides for uniform, thin, and reproducible electrodes [
239
].  Based on 
areas remaining after break-in, stoichiometric flow rates and current densities were kept 







Figure 6.10  Cyclic voltammetry shown before and after break-in 
  


































































































 CO stripping peaks in Figure 6.11 were collected after extended exposure to the 
CO contaminated fuel.  Peak maxima from anodic strips were measured at 591, 607, and 
616 mV corresponding to the order of activation for the Pt-TiNbOx-CNT, Pt-CNT, and 
Pt-TiOx-CNT electrocatalysts, respectively.  Interestingly, the CO tolerance and stripping 
behavior of Pt-CNT improved from the initial condition; specifically, the order of activity 
for the CNT only support surpassed that of the TiOx composite [
35, 320
].  Although even 
higher temperatures would have improved tolerance, increasing to 75 °C offered 
satisfactory activity to make appropriate comparisons.  Cell temperature can have impact 
on all the reactions, including corrosion.  Faster degradation and loss of active Pt surfaces 
on CNT can lead to formation of carboxyl and hydroxyl groups in support corrosion 
which may also assist their tolerance [
35, 320
].  Furthermore, size effects and faceting of Pt 
can improve specific activity in oxidation reactions and could have become a factor [
233, 
322, 340-342
].  Irrespectively, the order of catalyst size, utilization, and/or stability did not 




Utiliz. Before 18.5 m2 g-1Pt 21.2 m
2 g-1Pt 15.3 m
2 g-1Pt
Utiliz. After 11.2 m2 g-1Pt 16.9 m
2 g-1Pt 13.6 m
2 g-1Pt







Figure 6.11  CO stripping behavior of electrocatalysts 
 
 At galvanostatic conditions, the potential can be measured over time 
(chronopotentiometry) while subject to a stoichiometric flow of contaminated H2.  This 
hydrogen pump mode is one of the best ways to test for CO tolerance of electrodes 
because the dynamic in working electrodes from increases in overpotential are easily 
observed and attributed to catalyst behavior.  In clean H2, the cells had identical 
polarization behavior in the pump.  When CO is present, potential climbs gradually 
before a sharp transition is observed in each data series shown in Figure 6.12.  After the 
transition, the cell potential plateaus as more stable performance is approached.  At 
higher currents, the cell potential can undergo an oscillating behavior after the transition.  
In the Pt-CNT electrode for example, potential oscillations started during application of 
100 A m
-2
Pt after about 1250 seconds.  Oscillating behaviors were observed in all 




































electrodes although they did not begin in Pt-TiNbOx-CNT until supplying higher current 
densities (> 100 mA/cm
2
Pt) and are marked in Figure 6.12 by transparent plots to prevent 
overlapping data sets.  When the catalyst overpotential climbs above the CO oxidation 
peak, adsorbed CO on the catalyst surface will be oxidized, resulting in a rapid reduction 
of cell overpotential.  However, unreacted CO diffusing into the electrode will re-adsorb 
onto active surfaces, leading to another rise in overpotential and then the cycle repeats as 
seen in magnified inset of Pt-TiOx-CNT at 50 A m
-2
Pt current density.  Similar oscillating 
phenomena are familiar to other types of heterogeneous catalysis and have also been 
reported in electrocatalysis [
343
].  Performance data recorded after the transitions when 








Figure 6.12  Galvanostatic responses to H2 with CO (chronopotentiometry) 
 
 After surpassing the transition step, final values were recorded at each current 


























































































purposes and can correlate to differences in catalyst overpotential when CO is present at 
this fixed concentration with 10x stoichiometric flow of H2.  For galvanostatic current of 
6.25 A m
-2
Pt, a reduction of 170 mV compared to Pt-CNT and 256 mV in case of Pt-
TiOx-CNT for Nb doped titania support.  At 25 A m
-2
Pt, a savings of 117 mV was 
measured for Pt-TiNbOx-CNT electrode from Pt-CNT electrode.  Essentially, 
electrocatalysts made from Nb doped titania showed the best CO tolerance by large 
margins which narrowed at higher current density as cell potentials converged towards 
the CO stripping peak maxima. 
 
 
Figure 6.13  Cell potential due to activation overvoltage as function of current density 
 
 Several interesting trends were observed in the timing of transitional behavior 
encountered during chronopotentiometry experiments.  The time of transitions was 
































compared by plotting the inflection point in curves Figure 6.14 (a) at each fixed current 
density.  Inflections followed nearly perfect hyperbolic relationships.  The inset in (a) 
shows the same relationship, but with the reciprocal of time coordinated to the X-axis.  
Interestingly, the order of the transition times also followed that of activity with an 
increasing delay in deactivation for Pt-TiNbOx-CNT.  Although electrodes can have 
variations in transport properties, it seems more than coincidental that this also followed 
the general trend of tolerance.  In Figure 6.14 (b), the rate of the transition step is 
estimated by the slope (dE/dt) at the inflection.  The rate is slower at lower current 
density for all electrodes.  However, there are also variations in rates between different 
electrocatalysts where transitions grow fastest in Pt-CNT electrodes at higher current 
supply.  An alteration of specific adsorption properties could affect the time it takes for 
CO to deactivate all catalyst sites, but it is expected that interfaces with the support play a 
role in charge transfer reactions that may increase active site availability due to hydroxyl 







Figure 6.14  Transition behavior in chronopotentiometry 
(a) inflection point in curve and (b) rate of transition vs. current density 
 
 During application of 25 mV constant potential, current responses were recorded 
over time (chronoamperometry).  Currents were supplied from charged species generated 
in the anode while CO gradually diffused to catalyst surfaces.  Flow rates were also 



















































































normal to UPD area and sufficient to provide limiting current at this low potential where 
adsorption is not significantly affected.  During the initial decay of current density, it is 
perhaps not fair to compare performance due to different stoichiometric reaction values 
that cannot be controlled unless flow rates are continuously variable.  However, after cell 
currents flatten out to semi-steady state, the response is more fairly compared in a direct 
relationship shown as the inset in top right of Figure 6.15.  For 100 ppm CO in H2, the 
cell with Nb doped titania support yields a current density about 3.5 versus 2.25 A m
-2
Pt 
for Pt-CNT, representing a 155% improvement.  The same order of tolerance found in 




Figure 6.15  Potentiostatic condition at 25 mV reveals chronoamperometric response 
 
 To compare the time delayed poisoning response of electrodes during 
potentiostatic condition, an EIS technique was used to observe the loss in activity 










































dominated by charge transfer resistance that results in the growth of impedance arcs 
during poisoning [
344
].  With otherwise same test conditions described in 
chronoamperometry at 25 mV, EIS scans were collected at 1 minute intervals to show 
evolution of arcs in Nyquist plots during the cell deactivation by CO in Figure 6.16.  
Impedance plots are zoomed in to focus on earliest stages of development during first 5 
minutes of operation with a high to low scan taken during each minute of this test.  At 4 
minutes, the impedance data is noted at the apex and reported as [ω (Hz), Zreal (mΩ)].  
The highest impedance values were recorded from Pt-TiOx-CNT [19.86, 7.62], [31.67, 
5.94], to [49.87, 4.83] the lowest in Pt-TiNbOx-CNT which was also recorded at the 
highest frequency.  The doped composite support electrocatalyst exhibited the most 








Figure 6.16  Evolution of EIS during CO exposure at 25 mV (1−10 minutes) 
 
 Very small addition of metal oxides to the catalyst support made for a marked 
contrast in electrode performance, warranting more detailed investigations.  A probable 

































































































explanation for resulting reactivity differences may simply be attributed to interfaces with 
the active catalyst for the improvement in tolerance to CO provided by its design.  
Although there was not a direct measurement of interfacial areas with metal oxide phases, 
several characterizations could indicate this.  Lower catalyst utilization measured from 
UPD in doped titania could in fact represent interfaces where bifunctional reactions are 
enhanced, but hydrogen redox gets limited by the metal oxide coverage.  Oxygen 
vacancies formed in close contact to catalysts supply hydroxyl intermediates that 
maintain oxidation reactions and can extend active surfaces for CO oxidation.  Strong 
chemical interactions between the metal and metal oxides result in changes of defect 
formation energy that can be galvanized by potential.  Transition metals at the interface 
get reduced, and this may be more favorable for niobia according to the Gibbs free 
energy of reaction found in Ellingham diagrams.  At higher concentrations, Nb is known 
to segregate to surfaces of titania during oxidative processes and possibly enrich defects 
there [
114, 324, 345
].  Niobia prefers a higher surface coordination with oxygen than titania 
cations as well.  Nb substitution has also been reported to suppress encapsulation of Pt by 
Ti suboxides in addition to a having higher oxygen vacancy diffusion resulting from 
strong metal-support interactions [
153
].  These metal oxides may partially encapsulate 
catalysts when donating charge during the application of potential, which could also help 
to protect it from more severe oxidative corrosion.  Nb2O5 is also known to have a wider 
band gap than TiO2, though quantum size effects and interfaces with metals are known to 
change gap energies. 
 It is not exactly clear what lead to all the trends seen in tolerance, although it may 




and semiconductor interfaces (i.e. metal oxide or CNT) result in sharp band bending and 
Schottky junctions or more ohmic like contacts.  Heterojunctions found between phases 
of the electrocatalyst align Fermi levels and potentially shift their energy bands.  Point 
defects from the reduction of titania contribute delocalized electrons and holes.  Reduced 
Ti cations in substitutional or interstitial sites of titania induce deeper mobility states 
closer to middle of gap that cause it to act more like an ohmic contact when Pt is added 
[
152, 153, 221, 303
].  In the case of the Nb doped titania however, the Fermi level of the oxide 
at equilibrium should be pinned closer to the conduction band of this n-type conductor 
due to addition of shallow Nb
4+
 donor states that can create a useful Schottky barrier.  
When electrons are forced away and the work function of the metal is increased, more 
holes are left in the depletion region of the oxide forming a wider space charge layer (i.e. 
internal field).  During forward bias, a lower activation for excited electrons in the 
conduction band of the oxide will allow them to cross the barrier into the metal, 
preventing recombination with a hole.  Separated charges are more probable to 
participate in reactions like the formation of hydroxyls at holes or vacancy sites near the 
surface.  Formation of Schottky junctions have elsewhere been reported for these metals 
and in our case, reduced transition metal states seen by XPS suggest they exist here as 
well.  Evidence of band bending and Fermi level pinning can also be inferred from 4f 
spectra of Pt supported on TiNbOx-CNT which falls further from the valence band edge 
due to greater accumulation of electrons at its interface with the oxide.  For these reasons, 
strong metal-support interactions seen in electrocatalysts can also be treated from the 
perspective of semiconductor principles.  Defects formed by Schottky type junctions can 




point defects and semiconductor behavior from nanostructured and amorphous oxides.  
Regardless, the role of charge carriers at junctions can be related to the separation of 
charge and could be imagined like the pictorial presented in Figure 6.17.  A better 
comprehension of catalyst-support interplay and underlying electronic structure effects 
will be expected to help bridge energy barriers and tune gaps between phases that lead to 





Figure 6.17  Schematic of (a) bifunctional mechanism for CO tolerance and (b) the 





 There may also be several reasons why the composite supports with titania were 
more stable than the CNT counterparts.  In general, the presence of catalysts on support 
chemistry and its effect on stabilizing defects is seemingly important.  In widespread 
reports on electrocatalysts, strong interactions from catalysts on stable supports like 
titania have boosted their corrosion resistance.  The immunity to break-in and operational 
conditioning from composite titania supports in these results may also be due to its 
Schottky junction.  Excited electrons tunneling into the electrocatalyst from the oxide 
would protect electrocatalysts as the metal oxide passivates.  In this case, titania could be 
acting like a gated interface to limit its corrosion once electron access gets cut off.  Water 
dissociation on titania can also promote hydroxyl formation and facilitate oxygen 
coverage on catalysts during passivation.  A wider space charge layer from the doped 
oxide is also proposed to have better buffering capacity.  Titania bonds strongly to the 
catalyst through these interfaces, preventing its diffusion and detachment from the 
support while also limiting carbon corrosion in those regions.  More systematic and 
exhaustive accelerated degradations tests would help elucidate specific advantages from 
metal oxides used in related electrocatalysts. There have been reports of non-Pt 
electrocatalysts such as those from heavily reduced Group IV-VI transition metal oxides 
(including titania) that provide high electrocatalytic reactivity, but their active sites are 
much further from equilibrium and subject to irreversible oxidation.  Simply from the 
consideration of metal oxide defect equilibrium, acceptors are preferred at higher oxygen 
pressure while hydrogen and reducing gases used in the anode favor donor formation.  




metal oxides into the support has a synergistic effect on electrocatalyst performance and 
durability, but further developments are needed in this area to derive the best 
arrangements and compositions. 
 
a) b)  
 
Figure 6.18  a) Schottky junction formed at Pt-TiNbOx and b) under forward bias 
 
 Relationships described in this set of materials result from their collective and 
varied properties.  The complexity expected for composites is depicted in Figure 6.19 to 
help to visualize some of their interactions.  The phases of titania are formed at defects on 
the surface of oxidized CNT supports to synthesize composites in the first step of the 
sequence.  Blue patches represent fine anatase crystals and other disordered oxide 
arrangements with a higher concentration of defects near their (glowing) boundary.  
Although Pt catalysts can bond directly through defects in CNT, a stronger interaction 
with the metal oxide provides a favorable attachment point to form a secure bridge with 
the support.  Triple junctions arise between the metal, oxide, and CNT framework.  
Titania composites grow smaller Pt crystals with a better distribution.  Some of the Pt 
may become partially covered by the oxide in synthesis and also during operation, but 




coverage of Pt by the metal oxide and nature of their interfaces affect the oxide 
properties.  In the case of doped titania, green borders represent surfaces where a greater 
concentration of donor species are expected from enrichment by Nb defects.  It should be 
noted that the dimensions are not drawn to scale.  Advantages from interfacial junctions 




Figure 6.19  Representations of (a) Pt-CNT, (b) Pt-TiOx-CNT, (c) Pt-TiNbOx-CNT 
 
 Eventually, all active surfaces of the catalyst will get inundated by CO 
contamination at low temperatures.  By selecting an optimum set of conditions to 
exercise greater productivity over longer intervals between periodic cleansing of 
electrodes at lower stripping potentials, a more resilient anode can be designed.  Defect 
engineering and the interaction between material phases can improve activity and 
stability in its environment.  In all cases, it is important to study catalysts in conditions 
similar to those found in real scenarios.  The hydrogen pump serves as an excellent 
example for CO tolerance in the anode.  Truly, a better set of controls is needed for 
deeper understanding on the influence of electrochemical potential in metal oxide defects 
used to form reactive electron-hole pairs.  Additional materials characterization of 
electronic states, especially among metal oxide supports during operation and post-




focus on other support compositions with respect to their acceptor and donor 
relationships.  Some properties can be refined beyond geometry, crystal epitaxy, and 
strictly metallic considerations by starting with support interactions.  These fundamental 
principles can be used to build electrocatalysts from the bottom up.  It was not 
specifically the goal of this research to establish electronic interactions of 
electrocatalysts; rather, an example of a composite metal oxide supported catalyst is 
integrated into working electrodes to confirm and unify work completed by many others 





 The design of supports in the electrocatalyst is very important to their 
performance and durability in the electrode.  In the anode of polymer electrolyte cells, 
there is a concern from the contamination of hydrogen fuel by carbon monoxide (CO).  
Bifunctional reactivity of platinum was improved by addition of select transition metal 
oxides (< 5% by mass) to the surfaces of multi-wall carbon nanotubes.  Specifically, 
titania was donor doped with niobium to prepare stable electrocatalysts used in anodes 
with best tolerance to 100 ppm CO during hydrogen oxidation when compared to a set of 
controls with and without titania.  The anodes were tested in electrochemical hydrogen 
pumps to characterize their performance and prove a synergistic relationship.  Resilient 
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Chapter 7. Summary & Conclusions 
 
 
 The development of stable platinum electrocatalysts for durable electrode 
performance has been a goal of this research.  Cost of these materials is a major barrier to 
commercialization of technology such as polymer electrolyte fuel cells.  Catalysts need to 
be supported on inexpensive materials that use a minimal amount of platinum while 
maintaining a high activity over the life of the device.  Carbon support corrosion is the 
origin of many problems plaguing electrocatalyst longevity.  Instead of replacing carbon 
with a ceramic or another single phase material, this dissertation has explored a 
composite consisting of both carbon nanotubes and titania to support platinum catalysts.  
Graphitized carbons and stable metal oxides have become a popular material selection for 
catalyst supports in many recent publications, but their design lacks a fundamental 
understanding.  High performance and durability have been reported, although successful 
application in working electrodes is necessary to validate these advantages.  Titania-CNT 
supports for Pt were able to better preserve catalyst performance than a control without 
titania in the cathode.  Choice of a niobium donor dopant in titania was used in an 
approach to modify the structure and electronic properties of the metal oxide phase when 




promote bifunctional mechanisms through junctions formed with the catalyst.  Strong 
metal-support interactions enhanced catalyst bonding characteristics extended from the 
support.  An ultrasonic spray deposition process was used to prepare membrane electrode 
assemblies from the synthesized electrocatalysts.  A synergy between both performance 
and durability of electrodes can be realized by design of better composite supports used 





Chapter 8. Future Considerations 
 
 In the future, we will need to investigate the mechanisms by which composite 
catalyst supports specifically benefit catalyst performance and durability.  This will 
provide further insight into ideal electrocatalyst construction.  The findings presented 
have already given many clues into a plan for implementing better control over material 
designs.  Improvements in the corrosion resistance of nanostructured electrocatalysts can 
predict cost savings for long term operation.  A composite support approach using metal 
oxides can explore a wider selection of materials and structures to maximize desirable 
properties.  Better choice of controls and variables including defect concentrations, 
dopant type, and interfacial arrangements with catalyst are suggested, for example.  
Measuring the changes in electrocatalysts from before, during, and after accelerated 
testing will help to explain the science behind degradation mechanisms and quantify its 
impact on catalyst activity and stability. 
 The structure/property relationship is an essential aspect of materials science and 
engineering applied to maximize device performance.  Preparing the ideal composite 
electrocatalyst requires engineering of most fundamental parameters that start on very 




Ensuring the preferred phase and location of bonding between the phases is an important 
aspect of the concept for the composite.  Arranging the material domains over these 
length scales rely on controlled synthesis and sequence in processing.  Accurate control 
over material design provides for more uniform and desirable qualities.  Nanostructured 
materials can take advantage of improvements in the distribution of phases in the 
heterogeneous electrode that serves a multitude of roles.   
 Improving the bonds between the selected materials can strengthen their 
interactions.   Attachment of titania on CNT supports is enhanced through the chemical 
functionalization of carbon surfaces, for example.  Titanium oxide additions were kept to 
a minimum and were often non-crystalline and discontinuous on carbon surfaces.  There 
remains some uncertainty in the importance of titania content and crystallinity in the role 
of performance and durability.  The band gap and defect states can alter electronic 
properties by these subtle variations.  Every variation in the lattice requires balancing of 
charge to accommodate potential differences.  If these energy states can be organized into 
domains that are linked by common wave functions then a charge transfer path can exist 
for carriers to become polarized.  These charges can react or separate across barriers, 
allowing them to participate in the electrochemistry.  Varying the nature of defects in 
titania has a very significant effect and defects can be created by the presence of catalyst 
at its interface.  The interfacial bonds between Pt-Titania-CNT can be arranged to form 
ideal triple junctions that rely critically on each phase.  Accurately predicting the trade-
off in surface area and stability will suggest an optimal value for the metal oxide to 
catalyst proportion.  Enhancing support interfaces in the composite can provide a 




but this degradation can be mitigated.  If we can understand how to design this 
contribution from the oxide dielectric behavior, better electrocatalysts can be realized in 
electrodes of low temperature electrochemical cells. 
 The properties of metal oxides processed under different conditions should be 
carefully characterized because even small variations in composition can result in a wide 
range of properties.  This will provide a processing map for development of desirable 
traits that translate into performance.  Some of the similar diagnostics which were 
previously applied would also be valuable to evaluate future progress in support design 
and with greater competence in the examination, more attention to detail at electronic 
level.  Additional characterization techniques from after testing can give us a better idea 
of the dynamic between the catalyst and support.  Advantages of strong metal-support 
interactions may generally be related to other metal-metal oxide heterogeneous catalyst 
systems if evaluated from perspective of defect engineering, semiconductor principles, 
and the relationship to junctions formed at their interfaces.  Schottky junctions can be 
formed when platinum metals are chemically combined with semiconductor metal 
oxides, like titania.  A more fundamental understanding from this perspective could lend 
to more accurate control over engineering this interface.  The optimized junction 
arrangement would be ideal for creating the best electrocatalysts.  Organization of energy 
levels in the composite can bridge electronic gaps which exist between different phases.  
Fermi levels align between the materials bonded in the composite and the electronic 
structures get shifted from their equilibrium to balance differences in charge.  Knowledge 
of electronic structures is especially important in design when using semiconductors for 




understand how they are involved in the separation of charges that can be useful for 
reactions.  When surfaces get polarized, charges tend to migrate to surfaces and interfaces 
that may contribute through bifunctional mechanisms.  A potential is created by relative 
differences in the speed of at least two complementary reactions in the transfer of energy.  
Variable density and distribution of charge states is expected at non-uniform fields near 
interfaces.  Comprehension of these mechanisms has made significant contributions to so 
many important modern technology developments which includes the evolution of 
circuits in many other modern electronic technologies that depend on these junctions. 
 The proposed electrocatalyst developments for PEMFC may also be applied to 
other related applications such as fuel cells operated at higher temperatures, electrolyzers, 
catalytic converters, and sensors, for example.  Solid acid electrolyte cells like 
polybenzimidazole polymers and others which operate at higher temperatures are more 
susceptible to carbon corrosion and platinum sintering; they are in even greater need of 
more stable catalysts and electrodes.  Alkaline electrolyte cells should also be able to 
profit from an understanding of support and catalyst junctions that promote activity and 
stability.  Electrocatalysts can be applied to electrochemical sensors for alcohol and CO 
that rely on low temperature oxidation of organics in the atmosphere.  Catalytic 
converters and glucose sensors are a few other examples of catalysts that could be 
improved by resisting deactivation.  A regenerative electrocatalyst can also be used in 
reversible cells that can synthesize chemicals when necessary.  Hydrogen pumps are on 
cusp of commercialization for large scale gas purification that can deliver pressurized 
clean gas to the fuel cell.  They can also be used for separation of diluted hydrogen from 




example.  Providing reliable performance is critical to most applications that depend on 
related electrochemical cell technology. 
 More practically, questions still exist about the best way to harness energy 
available in our environment.  Fundamentally, the storage of energy is the most 
challenging problem.  Part of the answer to the energy storage problem is being able to 
efficiently convert it into useful forms and have it available when and where we need it.  
Being efficient also means minimizing waste whether it is directly related to the cost or 
indirectly related to the price our environment pays.  Our future will be impacted by the 
choices we make with regard to these considerations of utilizing energy responsibly.  
Decisions on the best approaches for energy storage and conversion are important choices 
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Appendix E: XPS Deconvolutions 
 
 
Figure E.1 O-CNT C 1 s 
 
 





Figure E.3 Pt-CNT C 1s 
 
 
Figure E.4 Pt-CNT O 1s 
 
 






Figure E.6 TiOx-CNT C 1s 
 
 
Figure E.7 TiOx-CNT O 1s 
 
 






Figure E.9 Pt-TiOx-CNT C 1s 
 
 
Figure E.10 Pt-TiOx-CNT O 1s 
 
 






Figure E.12 Pt-TiOx-CNT Pt 4f 
 
 
Figure E.13 TiNbOx-CNT C 1s 
 
 






Figure E.15 TiNbOx-CNT Ti 2p 
 
 
Figure E.16 TiNbOx-CNT Nb 3d 
 
 






Figure E.18 Pt-TiNbOx-CNT O 1s 
 
 
Figure E.19 Pt-TiNbOx-CNT Ti 2p 
 
 






Figure E.21 Pt-TiNbOx-CNT Pt 4f 
 
 
XPS measurements were conducted using a Kratos AXIS Ultra DLD XPS system 
equipped with a monochromatic Al K source.  The energy scale of the system is 
calibrated using a Au foil with Au4f scanned for the Al radiation and a Cu foil with Cu2p 
scanned for Mg radiation resulting in a difference of 1081.70  0.025 eV between these 
two peaks.  The binding energy is calibrated using an Ag foil with Ag 3d5/2 set at 368.21 
 0.025 eV for the monochromatic Al X-ray source. The monochromatic Al K source 
was operated at 15 keV and 120 W.  The pass energy was fixed at 40 eV for the detailed 
scans. A charge neutralizer (CN) was used to compensate for the surface charge.  All 
peak deconvolutions were completed before any peaks were shifted to reference values.  
The peaks were plotted with XPSPEAK41 software.  Backgrounds were subtracted from 
either linear or Shirley type baseline with 3 point averaging on end-points.  Peak 
distributions were a combination of Gaussian-Lorentzian distributions.  National Institute 










Table E.2 C 1s summary 
 
 
Table E.3 O 1s summary 
 
Element Ti Ti Nb Nb Pt Pt Pt Pt
Electron Orbital 2p 3/2 2p 1/2 3d 5/2 3d 3/2 4f 7/2 4f 5/2 4d 5/2 4d 3/2
Pt-CNT - - - - 70.8 74.1 314.8 333
TiOx-CNT 458.35 464.15 - - - - - -
Pt-TiOx-CNT 458.3 464.0 - - 70.85 74.15 314.0 331.6
TiNbOx-CNT 458.4 464.15 206.84 209.58 - - - -
Pt-TiNbOx-CNT 458.3 464.0 206.69 209.46 70.85 74.15 314.0 331.6
280-298 eV
C 1s sp2-C sp3-C C-O C=O COO π-π Total Actual
284.15 285 286.3 287.7 289.3 291.4 Area Area
O-CNT 11931.95 6689.78 123.26 3936.78 3309.18 2298.98 28289.93 28304.99
42.18% 23.65% 0.44% 13.92% 11.70% 8.13% 100.00%
Pt-CNT 19480.29 6601.12 5837.2 3284.35 4426.42 2535.75 42165.13 41982.78
46.20% 15.66% 13.84% 7.79% 10.50% 6.01% 100.00%
TiOx-CNT 18551.06 11981.16 1.15 5026.06 0.11 6118.45 41677.99 41747.51
44.51% 28.75% 0.00% 12.06% 0.00% 14.68% 100.00%
Pt-TiOx-CNT 20828.6 6889.56 3860.6 3105.69 3375.72 1777.43 39837.6 39755.32
52.28% 17.29% 9.69% 7.80% 8.47% 4.46% 100.00%
TiNbOx-CNT 26552.2 8475.81 7499.4 11247.21 8521.76 7894.88 70191.26 48392.76
37.83% 12.08% 10.68% 16.02% 12.14% 11.25% 100.00%
Pt-TiNbOx-CNT 18490.45 6008.89 7527.91 0.1 0.66 7919.58 39947.59 39345.05
46.29% 15.04% 18.84% 0.00% 0.00% 19.82% 100.00%
542-525 eV
O 1s M-O O-C=O C-OH, C-OC O-C=O -COOH Total Actual
530.2 531.5 532.25 533.3 534.2 Area Area
O-CNT 0 3689.89 3440.53 3773.46 3199.98 14103.86 13995.09
0.00% 26.16% 24.39% 26.75% 22.69% 100.00%
Pt-CNT 0 8811.64 2517.43 5978.27 2379.86 19687.2 17984.48
0.00% 44.76% 12.79% 30.37% 12.09% 100.00%
TiOx-CNT 6738.19 1544.03 1996.73 2669.62 3465.1 16413.67 16427.51
41.05% 9.41% 12.17% 16.26% 21.11% 100.00%
Pt-TiOx-CNT 4791.9 5320.06 1639.19 2313.51 3081.46 17146.12 16521.33
27.95% 31.03% 9.56% 13.49% 17.97% 100.00%
TiNbOx-CNT 8485.1 4142.87 3438.7 3847.35 5159.11 25073.13 24055.82
33.84% 16.52% 13.71% 15.34% 20.58% 100.00%
Pt-TiNbOx-CNT 4740.11 3786.49 3120.13 2903.73 2030.63 16581.09 16145.65





Table E.4 Ti 2p summary 
 
 




Table E.6 Pt 4f summary 
 
456-470 eV NIST NIST
Ti 2p 2p 3/2 458.6 2p 1/2 464.7 Total Actual
Area Location FWHM Area Location FWHM Area Area
TiOx-CNT 8511.14 458.35 1.28 4163.52 464.1 2.16 12674.66 12039.36
Pt-TiOx-CNT 6006.27 458.3 1.53 2474.23 464 2.41 8480.5 8032.74
differences -38.3% 0.05 0.1 0.11
TiNbOx-CNT 5982.24 458.4 1.29 3413.73 464.15 2.2 9395.97 8899.2
Pt-TiNbOx-CNT 5394.4 458.25 1.5 2578.47 464 2.35 7972.87 7278.81
differences -34.0% 0.15 0.15 0.13876
204-213 eV NIST NIST
Nb 3d 3d 5/2 207.6 3d 3/2 209.9 Total Actual
Area Location FWHM Area Location FWHM Area Area
TiNbOx-CNT 2664.1 206.84 1.2 1783.13 209.58 1.21 4447.23 4324.59
Pt-TiNbOx-CNT 2450.45 206.69 1.38 1685.59 209.46 1.42 4136.04 3913.67
differences 4.0% 0.15 0.12
68-82 eV NIST NIST
Pt 4f 4f 7/2 71.1 4f 7/2 4f 5/2 74.5 Total
Area Location Area Location Area Location Area Location Area
Pt-CNT 4872.8 70.8 3202.3 71.7 4342.1 74.1 3876.4 74.8 16293.6
Pt-TiOx-CNT 5763.8 70.85 3729.8 71.7 6119.8 74.15 3355.5 74.8 18968.9




Appendix F: Hydrogen Pump Regeneration 
 
Figure F.1 Comparison of Pt-TiNbOx-CNT versus commercial Pt-C in CO clean-up 
 
Pt-TiNbOx-CNT was compared against a commercial Pt-C electrocatalyst from Ion-
Power, Inc in an electrochemical hydrogen pump during a simulated anode clean-up 
procedure.  The test was performed by Joshua Preston at Sustainable Innovations, LLC to 
compare our laboratory material synthesis and ultrasonic spray deposition of circular 100 
cm
2
 MEA against a conventional design.  Although, the composite electrocatalyst did not 
have the same mass activity, it showed an earlier onset for CO oxidation as evidenced by 
the change in slope > 0.3 V when tested at this set of conditions.  This can indicate an 




Appendix G: CO2 Evolution from CNT Supports 
 
Figure G.1 Carbon support corrosion comparison by mass spectrometer 
 
Mass spectrometer (Pfeiffer GSD 320) measured CO2 ion current when cycling 
electrodes from 0.5 to 1.5 V at 10 mV/sec by an secondary electron multiplier detection 
after quadrupole.  Exhaust from the cell was continuously monitored at ambient pressure 
with heated transfer line and cell temperature held at 80 °C.  Humidity was lowered to 
66% humidification in helium carrier gas to enhance signal-to-noise ratio of the response.  
A series of 10 cycles was carried out and the last is shown here for representative 
comparison. The carbon corrosion is reduced by the Pt-TiNbOx-CNT composite 
electrocatalysts relative to other constructions, including Pt-CNT. 
